Final Report: Theoretical and Experimental Studies of the Underlying Processes and Techniques of Low Pressure Measurement by Alpert, D.

FINAL REPORT
Theoretical and Experimental Studies 
of the Underlying Processes and Techniques 
of Low Pressure Measurement
REPORT R -286 APRIL, 1966
T h i s  work was s u p p o r t e d  in  p a r t  by t h e  J o i n t  S e r v i c e s  
E l e c t r o n i c s  Program (U. S. Army, U. S.  Navy,  and U. S. 
A i r  F o r c e )  u n d e r  C o n t r a c t  No. DA 28 043 AMC 00073(E) ,  
and i n  p a r t  by t h e  N a t i o n a l  A e r o n a u t i c s  and Space Admin­
i s t r a t i o n  u n d e r  NASA R e s e a r c h  G ra n t  NsG 376.
R e p r o d u c t i o n  i n  whole  o r  i n  p a r t  i s  p e r m i t t e d  f o r  any p u rp o s e  
o f  t h e  U n i t e d  S t a t e s  Government .
D i s t r i b u t i o n  o f  t h i s  r e p o r t  i s  u n l i m i t e d .  Q u a l i f i e d  r e q u e s t e r s  
may o b t a i n  c o p i e s  o f  t h i s  r e p o r t  f rom DDC„
FINAL REPORT
R e q u i r e d  u n d e r  t h e  te rm s  of  NASA R e s e a r c h  G r a n t  NsG 376
" T h e o r e t i c a l  and E x p e r i m e n t a l  S t u d i e s  
o f  t h e  U n d e r l y i n g  P r o c e s s e s  and T ec h n iq u e s  
o f  Low P r e s s u r e  Measurement"
P r i n c i p a l  I n v e s t i g a t o r :
D. A l p e r t
O the r  p e r s o n n e l  c o n t r i b u t i n g  t o  t h e  work 
r e p o r t e d  u n d e r  t h i s  g r a n t  i n c l u d e
D. Coad D. A . Lee W. C . Schuemann
T. Cooper R. N« Peacock L. S i m o n e l l i
A. D a l l o s T. P i p e r F. S t e i n r i s s e r
J .  L. deS eg o v ia F . Mo P r o p s t G. T i b b e t t s
H. Tomaschke
i i i
TABLE OF CONTENTS
1. TOTAL AND PARTIAL PRESSURE GAUGES. . . . . . . . . 0 . . . . .
l o i  The S u p p r e s s o r  (Schuemann)  G a u g e „ . . . . . . . . . . . .
1 .2  M o d i f i c a t i o n  o f  t h e  B a y a r d - A l p e r t  Gauge
by t h e  A d d i t i o n  o f  a Second C o l l e c t o r  . . . . . . . . . .
1 .3  A Simple  H ig h “S e n s i t i v i t y  Mass S p e c t r o m e t e r  . . . . . . .
1 .4  E f f e c t s  o f  E l e c t r o n - S u r f a c e  I n t e r a c t i o n  in
I o n i z a t i o n  Gauges ,  I n c l u d i n g  0^ t o  CO C o n v e r s i o n .  . . . .
1 .5  An E v a l u a t i o n  o f  T h in  F i l m  E l e c t r o n  S o u r c e s  f o r
Use in  I o n i z a t i o n  Gauges.  . . . . . . . . . . . . . . . .
2.  SURFACE PHYSICS; ADSORPTION . . . . . . . . . . . . . . . . .
2 . 1  A High R e s o l u t i o n  S e conda ry  E m i s s i o n  S p e c t r o m e t e r
f o r  S u r f a c e  R e s e a r c h .  . . . . . . . . . . . . . . . . . .
2 . 2  S tudy  o f  t h e  A d s o r p t i o n  o f  Gases  on M e ta l s
by t h e  Auger  P r o c e s s .  . . . . . . . . . . . . . . . . . .
2 . 3  A ngu la r  D i s t r i b u t i o n  o f  Auger  E l e c t r o n s  . . . . . . . . .
A SURVEY OF GROUPS AND INSTRUMENTATION CONCERNED WITH 
MEASUREMENT OF THE NEUTRAL COMPOSITION OF THE UPPER ATMOSPHERE 
(1963)  . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3 . 1  I n t r o d u c t i o n .  . . . . . . . . . . . . . . . . . . . . . .
3 . 2  High A l t i t u d e  E n g i n e e r i n g  L a b o r a t o r y ,  U n i v e r s i t y
o f  M ichigan  . . . . . . . . . . . . . . . . . . . . . . .
3 . 3  Space P h y s i c s  L a b o r a t o r y ,  U n i v e r s i t y  o f  M ic h ig a n .  . . . .
3 . 4  B e l l  & Howell  R e s e a r c h  C e n t e r ,  P a s a d e n a ,  C a l i f o r n i a  . . .
3 . 5  C o n s o l i d a t e d  Systems C o r p o r a t i o n ,  M onrov ia ,  C a l i f o r n i a .  .
3 . 6  G eophys ics  C o r p o r a t i o n  o f  Amer ica  (GCA), B e d f o r d ,  
M a s s a c h u s e t t s  . . . . . . . . . . . . . . . . . . . . . .
3 . 7  U n i v e r s i t y  of  M i n n e s o t a ,  M i n n e a p o l i s ,  M in n e so ta  . . . . .
3 . 8  C o n c l u s i o n s  . . . . . . . . . . . . . . . . . . . . . . .
4 .  PUMPING SPEEDS OF GETTER-ION PUMPS AT LOW PRESSURES. . . . . .
4 . 1  I n t r o d u c t i o n .  . . . . . . . . . . . . . . . . . . . . . .
4 . 2  Method and A p p a r a t u s .  . . . . . . . . . . . . . . . . . .
4 . 3  R e s u l t s  . 0 . . . . . . . . . . . . . . . . . . . . . .  .
4 . 4  D i s c u s s i o n .  . . . . . . . . . . . . . . . . . . . . . . .
Page
1
1
21
26
31
49
52
52
86
97
101
101
103
106
106
108
109
110 
110
113
113
114 
120 
125
iv
Page
5• BAKEOUT PROCEDURES FOR SMALL GLASS ULTRAHIGH VACUUM
SYSTEMS. REDUCTION OF 0 2 TO CO CONVERSION. . . . 0 . . . . . 0 126
6. TECHNIQUES « . . . . . . . . . . . . . . . . 0 . . . o o e # o o 136
6 o l  Non-Magnet ic  Glass -Molybdenum F e e d t h r o u g h s  . . . . . . . .  136
6 . 2  Working A l u m i n o - S i l i c a t e  G la s s  . . . . . . . . . . . . . 0 136
6 .3  " F i b e r f r a x "  T rap s  f o r  D i f f u s i o n  Pump Vapors« 140
6«4 UHV R o t a r y  Motion  F ee d th ro u g h «  . . . . . . . . . . . . . .  141
LIST OF PUBLICATIONS. 146
11. TOTAL AND PARTIAL PRESSURE GAUGES
1 .1  The S u p p r e s s o r  (Schuemann) Gauge
1 . 1 . 1  I n t r o d u c t i o n . A ty p e  o f  i o n i z a t i o n  gauge c a l l e d  t h e
p h o t o c u r r e n t  s u p p r e s s o r  gauge has  be en  d e v e l o p e d  a t  t h e  C o o r d i n a t e d
S c i e n c e  L a b o r a t o r y  d u r i n g  t h e  p a s t  f o u r  y e a r s .  T h i s  gauge i s  c a p a b l e
o f  e f f e c t i v e l y  s u p p r e s s i n g  t h e  p h o t o e l e c t r i c  c u r r e n t  ( x - r a y  c u r r e n t )
from t h e  ion  c o l l e c t o r ,  t h e r e b y  c o n s i d e r a b l y  e x t e n d i n g  t h e  r a n g e  of
i o n i z a t i o n - t y p e  g a u g e s .  Simple  s u p p r e s s o r  gauges have a l i m i t a t i o n  s i m i -
l a r  t o  t h e  x - r a y  l i m i t  o f  t h e  B a y a r d - A l p e r t  gauge a t  1x10 T o r r .
S l i g h t l y  more c o m p l i c a t e d  s u p p r e s s o r  gauges p r o b a b l y  would n o t  be l i m i t e d
“16by an x - r a y  e f f e c t  above 1X10 T o r r ,  though  t h i s  has  n o t  be en  e x p e r i ­
m e n t a l l y  v e r i f i e d .  These gauges have a h i g h e r  s e n s i t i v i t y  t h a n  t y p i c a l  
i n v e r t e d  g a u g e s ,  a r e  o n ly  s l i g h t l y  more c o m p l i c a t e d ,  and can use  t h e  
same power s u p p l i e s  and e l e c t r o m e t e r s .
1 . 1 . 2  Review o f  X-Ray E f f e c t s  i n  I o n i z a t i o n  G a u g e s . R ead ings  
o f  t h e  B a y a r d - A l p e r t  g a u g e , 1 th e  most  w i d e l y  used  i n s t r u m e n t  f o r  m e a s u r ­
ing  p r e s s u r e  in  u l t r a h i g h  vacuum s y s t e m s ,  a r e  n o t  l i n e a r  w i t h  p r e s s u r e  
i n  t h e  v i c i n i t y  of  1x10 T o r r  and lower  b e c a u s e  o f  a p h o t o e l e c t r o n  
c u r r e n t  f rom t h e  c o l l e c t o r .  T h is  c u r r e n t  i s  due t o  c o l l e c t o r  bombardment
by s o f t  x - r a y  p ho tons  r e l e a s e d  a t  t h e  g r i d  when i t  i s  s t r u c k  by t h e
2 3i o n i z i n g  e l e c t r o n s .  Metson and D a l k e - S c h u t z e  have d e s i g n e d  gauges
1R. T. Bayard and D. A l p e r t ,  Rev.  S c i .  I n s t r .  2 1 , 571 ( 1 9 5 0 ) .
2G. H. M etson,  B r i t .  J .  Appl .  P h y s . 2,  46 ( 1 9 5 1 ) .
3W. E. Dalke  and H. J .  S c h u t z e ,  20 th  Annual  Conf .  on P h y s i c a l  
E l e c t r o n i c s ,  M . I . T . ,  Cambr idge ,  M a s s . ,  26 March 1960.
2which  s u p p r e s s  t h i s  p h o t o e l e c t r o n  c u r r e n t  by t h e  u t i l i z a t i o n  o f  a f o u r t h  
e l e c t r o d e  p l a c e d  b e tw een  t h e  i o n i z a t i o n  r e g i o n  and c o l l e c t o r  a t  such  a 
p o t e n t i a l  as t o  p r e v e n t  p h o t o e l e c t r o n s  f rom l e a v i n g  t h e  c o l l e c t o r .  T h e i r  
gauges a r e  l i m i t e d  i n  t h e  measu rement  o f  v e r y  low p r e s s u r e s  by two 
f a c t o r s :  - ( 1 )  low s e n s i t i v i t y  and (2)  a p h o t o e l e c t r i c  c u r r e n t  which 
f low s  from t h e  s u p p r e s s o r  e l e c t r o d e  t o  t h e  c o l l e c t o r  as t h e  r e s u l t  of  
x - r a y  bombardment  o f  t h e  s u p p r e s s o r  e l e c t r o d e .
P r e v i o u s  p a p e r s  on t h e  s u p p r e s s o r  gauge b e i n g  d e v e lo p e d  a t  
CSL have d e s c r i b e d  t h e  f i r s t  w o rk in g  model^ and a l a t e r  v e r s i o n ,  t h e
5 ^model 19 gauge .  Redhead and Hobson have  d e s c r i b e d  t h e i r  v e r s i o n  of  
t h e  s u p p r e s s o r  gauge and d e v e l o p e d  methods f o r  m o d u l a t i n g  t h e  ion  c u r ­
r e n t  in  o r d e r  t o  make p r e s s u r e  m easu rements  in  t h e  low 10 ^ \ o r r  r e g i o n  
p o s s i b l e .  T h i s  s e c t i o n  e n u m e r a t e s  t h e  i m p o r t a n t  c o n s i d e r a t i o n s  i n  t h e  
d e s i g n  o f  s u p p r e s s o r  gauges and d e s c r i b e s  t h e  model  46 s u p p r e s s o r  gauge 
which  r e p r e s e n t s  a c o n s i d e r a b l e  improvement m e c h a n i c a l l y  and e c o n o m i c a l l y  
ove r  p r e v i o u s  s u p p r e s s o r  g a u g e s .
1 -1 -3  G e n e r a l  P r i n c i p l e s  o f  S u p p r e s s o r  G a u g e s . The s u p p r e s s o r  
gauge c o n s i s t s  o f  two r e g i o n s  s e p a r a t e d  by a s h i e l d  as shown i n  F i g .  1 . 1 .  
The f i l a m e n t  and g r i d  in  t h e  i o n i z a t i o n  r e g i o n  a r e  s i m i l a r  i n  a r r a n g e m e n t  
t o  t h o s e  o f  a B a y a r d - A l p e r t  gauge e x c e p t  f o r  t h e  a d d i t i o n  o f  a s m a l l  g r i d  
—  “
W. C. Schuemann,  T r a n s a c t i o n s  o f  t h e  N i n t h  N a t i o n a l  Vacuum 
Symposium (The M acm i l lan  Company, New Y ork ,  1962) ,  p.  428.
^W. C. Schuemann,  Rev.  S c i .  I n s t r .  34_, 700 ( 1 9 6 3 ) .
£
P. A. Redhead and J .  P. Hobson,  Fundam en ta l  P roblems o f  Low 
P r e s s u r e  Measurement  C o n f e r e n c e ,  T e d d i n g t o n  (M id d le sex )  Eng land  
( S e p te m b e r ,  1964) .
3Collector
Platinum bright
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Grid
F i g ,  1 . 1 .  S c a l e  C r o s s - S e c t i o n  o f  t h e  Model 46 S u p p r e s s o r  Gauge.
4cap which  c l o s e s  t h e  b o t to m  o f  t h e  g r i d .  These  e l e c t r o d e s  a r e  a t  t h e i r  
u s u a l  p o t e n t i a l s  o f  +50 and +200 v o l t s ,  r e s p e c t i v e l y .  The s h i e l d  i s  a t  
ground  p o t e n t i a l  and has  t h r e e  f u n c t i o n s :  (1 )  i t  s h i e l d s  t h e  s u p p r e s s o r
r i n g ,  which c r e a t e s  t h e  r e t a r d i n g  f i e l d  f o r  p h o t o e l e c t r o n s ,  f rom a l l  
x - r a y s  coming d i r e c t l y  from t h e  g r i d  r e g i o n .  Thus i t  p r e v e n t s  t h e  c r e a ­
t i o n  o f  a l a r g e  p h o t o e l e c t r i c  c u r r e n t  which  o t h e r w i s e  c o u ld  f low  from 
t h e  s u p p r e s s o r  t o  t h e  c o l l e c t o r .  (2)  T o g e t h e r  w i t h  t h e  g r i d ,  t h e  s h i e l d  
forms an e l e c t r o s t a t i c  l e n s  which  b o t h  a c c e l e r a t e s  and f o c u s e s  t h e  ions  
t o  t h e  c o l l e c t o r .  (3) The s h i e l d ,  a l o n g  w i t h  t h e  p l a t i n u m  b r i g h t  c o a t i n g  
on t h e  g l a s s ,  p r o t e c t s  t h e  i o n - d r i f t  r e g i o n  and c o l l e c t o r  a g a i n s t  v a r i a ­
t i o n s  in  w a l l  p o t e n t i a l  which would change  t h e  s e n s i t i v i t y  o f  t h e  ga u g e ,  
or  r e d u c e  i t s  a b i l i t y  t o  s u p p r e s s  t h e  p h o t o c u r r e n t s ,  and a g a i n s t  p i c k u p  
by th e  c o l l e c t o r  o f  e l e c t r o s t a t i c  n o i s e  f rom t h e  i o n i z a t i o n  r e g i o n ,  o r  
f rom o u t s i d e  t h e  gauge .  O p e r a t i o n  o f  t h e  gauge i s  a c c o m p l i s h e d  u s i n g  
s t a n d a r d  i o n i z a t i o n  gauge s u p p l i e s  p l u s  a s m a l l  b a t t e r y  or  h ig h  v o l t a g e  
s u p p l y  f o r  t h e  s u p p r e s s o r  v o l t a g e .
1 . 1 . 4  D es ig n  C o n s i d e r a t i o n s  f o r  S u p p r e s s o r  G a u g e s .
1 . 1 . 4 . 1  S e n s i t i v i t y . In  a gauge i n t e n d e d  f o r  m e a s u r ­
ing v e r y  low p r e s s u r e s ,  i t  i s  d e s i r a b l e  t o  have as h i g h  an ion  c u r r e n t  
as p o s s i b l e  w h i l e  n o t  i n t r o d u c i n g  e i t h e r  e x c e s s i v e  pumping s p e e d s  or  
i o n i z i n g  e l e c t r o n  c u r r e n t s .  C o n s i d e r a t i o n s  such as g r i d  volume,  g r i d  
g e o m e t ry ,  and t h e  c o l l e c t i o n  e f f i c i e n c y  f o r  i o n s  t h e r e f o r e  become 
i m p o r t a n t .  T e s t s  i n v o l v i n g  t h e  geom et ry  shown in  F i g .  1 .1  showed t h a t  
507o o f  t h e  ions  were  a c c e l e r a t e d  i n t o  a 1 / 4 - i n c h  c i r c l e  a t  t h e  c e n t e r  
o f  t h e  s h i e l d  and t h a t  a l l  o f  t h e  io n s  were  f o c u s e d  i n t o  a 3 / 8 - i n c h
5c i r c l e .  A f t e r  p a s s i n g  th r o u g h  t h e  s h i e l d ,  t h e  o u t e r  edges  o f  t h e  beam 
d i v e r g e  r a p i d l y ,  b u t  50% of  t h e  t o t a l  ion  c u r r e n t  w i l l  s t i l l  be c a p t u r e d  
i n s i d e  o f  a 5 / 1 6 - i n c h  c i r c l e  s e v e r a l  g r i d  d i a m e t e r s  away from t h e  g r i d ,  
i n d i c a t i n g  a r a t h e r  good c o l l i m a t i o n  f o r  h a l f  o f  t h e  i o n s  coming from 
th e  g r i d .  As w i l l  be shown l a t e r ,  t h e  r a t h e r  good c o l l i m a t i o n  o f  h a l f  
o f  t h e  ion  c u r r e n t  makes p o s s i b l e  t h e  d e s i g n  o f  a s u p p r e s s o r  gauge which 
would p r o b a b l y  be a b l e  t o  measu re  much lower  p r e s s u r e s  t h a n  t h e  gauge 
b e i n g  d e s c r i b e d  h e r e ,
1 . 1 . 4 . 2  P r im a r y  and R e f l e c t e d  X-Ray E f f e c t s . We w i l l  
d e f i n e  t h e  e j e c t i o n  o f  p h o t o e l e c t r o n s  f rom t h e  c o l l e c t o r  by pho tons  
coming d i r e c t l y  from t h e  i o n i z a t i o n  r e g i o n  as t h e  p r i m a r y  x - r a y  e f f e c t .  
The e j e c t i o n  of  p h o t o e l e c t r o n s  f rom t h e  s u p p r e s s o r  r i n g  by p h o t o n s ,  
r e f l e c t e d  from t h e  c o l l e c t o r  and p a r t s  o f  t h e  s h i e l d  and which  s u b s e ­
q u e n t l y  impac t  on t h e  s u p p r e s s o r  r i n g ,  w i l l  be r e f e r r e d  t o  as t h e  
r e f l e c t e d  x - r a y  e f f e c t .  The p r im a ry  p h o t o e l e c t r o n  c u r r e n t  f rom th e  
c o l l e c t o r ,  when t h e  s u p p r e s s o r  i s  g rounded (no s u p p r e s s i o n ) ,  c o r r e s p o n d s  
t o  a p r e s s u r e  o f  7X10 11 T o r r  f o r  t h e  gauge in  F i g ,  1 . 1 .  T h i s  u n s u p ­
p r e s s e d  x - r a y  c u r r e n t  v a r i e s  w i t h  t h e  s i z e  o f  t h e  h o l e  i n  t h e  s h i e l d ,  
d i s t a n c e  o f  t h e  c o l l e c t o r  f rom t h e  g r i d ,  d i s t r i b u t i o n  o f  e l e c t r o n  im­
p a c t s  on the  g r i d ,  e t c .  The r e f l e c t e d  p h o t o e l e c t r i c  c u r r e n t ,  w i t h  t h e
-13s u p p r e s s o r  n e g a t i v e ,  c o r r e s p o n d s  t o  ab o u t  1X10 T o r r .  T h i s  c u r r e n t  
v a r i e s  w i t h  t h e  s i z e  o f  t h e  h o l e  in  t h e  s h i e l d ;  t h e  s i z e ,  s h a p e ,  and 
d i s t a n c e  f rom th e  s h i e l d  o f  t h e  c o l l e c t o r ;  and t h e  s i z e ,  s h a p e ,  and p o s i ­
t i o n  o f  t h e  s u p p r e s s o r  r i n g .  In  most  d e s i g n s  t h e  s u r f a c e  a r e a  o f  t h e  
s u p p r e s s o r  i s  t h e  most  i m p o r t a n t  p a r a m e t e r .  The p r im a ry  x - r a y  e f f e c t
6w i l l  r e s u l t  i n  a n e g a t i v e  c u r r e n t  f rom t h e  c o l l e c t o r ,  a d d in g  to  t h e  
p o s i t i v e  ion  c u r r e n t  f l o w i n g  to  t h e  c o l l e c t o r ,  w h i l e  t h e  r e f l e c t e d  
x - r a y  e f f e c t  w i l l  r e s u l t  i n  a n e g a t i v e  c u r r e n t  t o  t h e  c o l l e c t o r ,  s u b ­
t r a c t i n g  from th e  io n  c u r r e n t »
The major  f e a t u r e  o f  t h i s  t y p e  o f  gauge i s  t h a t  t h e  p r im a ry  
x - r a y  c u r r e n t  can be s u p p r e s s e d  to  a v a l u e  s m a l l  compared t o  t h e  ion  
c u r r e n t  by means o f  a r e t a r d i n g  f i e l d  i n  f r o n t  o f  t h e  c o l l e c t o r « ,  The 
e f f e c t i v e n e s s  o f  t h e  s u p p r e s s i o n  i s  a f u n c t i o n  o f  t h e  s i z e ,  s h a p e ,  and 
d i s t a n c e  f rom t h e  s h i e l d  o f  t h e  c o l l e c t o r ;  o f  t h e  s i z e ,  s h a p e ,  p o s i t i o n ,  
and v o l t a g e  o f  t h e  s u p p r e s s o r  r i n g ;  and o f  any e l e c t r i c  f i e l d s  which 
e i t h e r  p e n e t r a t e  i n t o  t h e  c o l l e c t o r  r e g i o n  f rom t h e  g r i d  r e g i o n  or  
o r i g i n a t e  on t h e  g l a s s  w a l l s  o f  t h e  c o l l e c t o r  r e g i o n  due t o  c h a r g i n g  o f  
t h e  glass«,  I n  t h e  model  46 gauge ,  t h e  o p e n in g  in  t h e  s h i e l d  i s  c o v e r e d  
w i t h  a f i n e  mesh t o  i s o l a t e  t h e  c o l l e c t o r  r e g i o n  from f i e l d s  o r i g i n a t i n g  
in  t h e  g r i d  r e g i o n ,  and a l l  g l a s s  s u r f a c e s  i n  t h e  c o l l e c t o r  r e g i o n  a r e  
c o v e r e d  w i t h  p l a t i n u m  b r i g h t  which i s  g rounded  to  t h e  s h i e l d ,  t h e r e b y  
e l i m i n a t i n g  t h e  e f f e c t s  o f  any s t r a y  e l e c t r i c  f i e l d s »  I t  i s  a l s o  n e c e s ­
s a r y  t o  r e a l i z e  t h a t  t h e  s u p p r e s s i o n  f i e l d  i s  d e f o c u s i n g  f o r  i o n s ,  and 
t h a t  t h e  c o l l e c t o r  must  be l a r g e  enough t o  c a p t u r e  a l l  i o n s  even a t  t h e  
h i g h e s t  s u p p r e s s o r  v o l t a g e s »
The m a j o r i t y  o f  p h o t o e l e c t r o n s  f rom t h e  c o l l e c t o r  p r o b a b l y  
have  e n e r g i e s  o f  l e s s  t h a n  10 v o l t s »  The number o f  p h o t o e l e c t r o n s  which 
have  h i g h e r  e n e r g i e s  d e c r e a s e s  r a p i d l y  w i t h  i n c r e a s i n g  e n e r g y ,  though 
t h e  e x a c t  d i s t r i b u t i o n  i s  n o t  known» S i n c e  i t  i s  n o t  n e c e s s a r y  t o  s u p ­
p r e s s  a l l  o f  t h e  p h o t o e l e c t r i c  c u r r e n t  b u t  o n ly  a s u f f i c i e n t  f r a c t i o n
7su ch  t h a t  t h e  p h o t o e l e c t r i c  c u r r e n t  r e m a i n i n g  i s  s m a l l  compared t o  the  
ion  c u r r e n t  b e i n g  m e a su re d ,  i t  s h o u l d  be o b v io u s  t h a t  t h e  s u p p r e s s i o n  
f i e l d  and h en ce  t h e  s u p p r e s s o r  v o l t a g e  n e c e s s a r y  f o r  s u f f i c i e n t  s u p p r e s ­
s i o n  w i l l  become l a r g e r  as t h e  p r e s s u r e  and he nce  t h e  ion  c u r r e n t  i s  
r educed»  For  t h e  model 46 s u p p r e s s o r  g a u g e ,  i f  i t  i s  s p e c i f i e d  t h a t  
t h e  p h o t o e l e c t r i c  c u r r e n t  must  be l e s s  t h a n  5% o f  t h e  ion  c u r r e n t  a t  a
g i v e n  p r e s s u r e ,  t h i s  v o l t a g e  i s  a b o u t  -1000  V a t  1x10 T o r r ,  -500 V a t  
-12  -11IX10 T o r r ,  and -200 V a t  1X10 T o r r .  Of c o u r s e ,  t h e  v o l t a g e  does  
n o t  have  t o  be v a r i e d  w i t h  p r e s s u r e  b u t  m e re ly  ch o se n  s u f f i c i e n t l y  l a r g e  
t o  g u a r a n t e e  s u p p r e s s i o n  a t  t h e  l o w e s t  a n t i c i p a t e d  p r e s s u r e s .  About  
-600 V has  been  found t o  be opt imum.
1 . 1 . 4 . 3  O s c i l l a t i o n s  i n  S u p p r e s s o r  G a u g e s . The model  19 
s u p p r e s s o r  ga u g e ,  i n  u se  a t  our  l a b o r a t o r y  f o r  s e v e r a l  y e a r s ,  showed a 
s t r o n g  t e n d e n c y  toward  o s c i l l a t i o n ,  c h a r a c t e r i z e d  by a n e g a t i v e  c o l l e c t o r  
c u r r e n t  when t h e  p r e s s u r e  was be low 10 11 T o r r .  The o s c i l l a t i o n  was 
v e r y  p e r s i s t e n t ,  was enhanced  by making t h e  s u p p r e s s o r  v o l t a g e  more 
n e g a t i v e ,  and showed t im e  c o n s t a n t s  f o r  t h e  g row th or  decay  o f  t h e  
o s c i l l a t i o n  a f t e r  t h e  s u p p r e s s o r  v o l t a g e  was ch an g ed .  T h i s  s t r a n g e  b e ­
h a v i o r  was found t o  be due t o  w a l l  p o t e n t i a l s  i n  t h e  g r i d  r e g i o n  go ing  
n e g a t i v e  w i t h  t h e  s u p p r e s s o r  v o l t a g e ,  t h e r e b y  making t h e  p o t e n t i a l  d i s ­
t r i b u t i o n  in  t h e  g r i d  r e g i o n  v e r y  f a v o r a b l e  f o r  e l e c t r o n  c lo u d  o s c i l l a ­
t i o n s .  The t r a i n  o f  e v e n t s  s t a r t e d  a t  a s m a l l  exposed  w i r e  l e a d  f o r  t h e  
s u p p r e s s o r  p o t e n t i a l .  I n  t h e  model 19 ga u g e ,  t h e  exposed  l e a d  i s  
a d j a c e n t  t o  t h e  g r i d  and hence  was bombarded by s o f t  x - r a y s .  The m a j o r i t y
8o f  t h e  r e s u l t i n g  p h o t o e l e c t r i c  c u r r e n t ,  o f  ab o u t  l x i o " 11 A, f rom t h e  
l e a d  wen t  t o  t h e  g l a s s  w a l l s  o f  t h e  gauge where i t  was n e u t r a l i z e d  by 
io n s  made o u t s i d e  t h e  g r i d .  When t h e  p r e s s u r e  f e l l  i n t o  t h e  low lO " 11 
T o r r  r e g i o n ,  t h e  ion  c u r r e n t  became s m a l l e r  t h a n  t h e  p h o t o e l e c t r i c  c u r ­
r e n t ,  and t h e  g l a s s  w a l l s  were  t h e n  d r i v e n  n e g a t i v e  t o  n e a r  t h e  p o t e n ­
t i a l  o f  t h e  s u p p r e s s o r .  T h is  a l l o w e d  s t r o n g  e l e c t r o n  c l o u d  o s c i l l a t i o n s  
t o  e x i s t  which were a b l e  t o  g i v e  l a r g e  numbers o f  e l e c t r o n s  enough 
e n e r g y  t o  p e n e t r a t e  t h r o u g h  t h e  s h i e l d  o p en in g  and t h e  s u p p r e s s i o n  
f i e l d  t o  t h e  c o l l e c t o r .  S i n c e  t h e  g l a s s  w a l l s  went  n e g a t i v e  w i t h  t h e  
s u p p r e s s o r  v o l t a g e ,  t h e  o s c i l l a t i o n s  became s t r o n g e r  as t h e  s u p p r e s s i o n  
was i n c r e a s e d .  T h i s  e x p l a i n s  why t h e  e l e c t r o n s  coming from t h e  g r i d  
r e g i o n  c o u l d  n o t  be p r e v e n t e d  from r e a c h i n g  t h e  c o l l e c t o r  by making t h e  
s u p p r e s s o r  more n e g a t i v e .  O b v i o u s l y ,  t h e  s o l u t i o n  t o  t h i s  p ro b lem  i s  
t o  p l a c e  t h e  s u p p r e s s o r  l e a d  above t h e  s h i e l d  as shown in  F i g .  1 . 1 ,  
t h e r e b y  removing  i t  f rom t h e  g r i d  r e g i o n .
As a s i d e  e x p e r i m e n t  i t  was o b s e r v e d  t h a t  t h e  w a l l  p o t e n t i a l s  
in  B a y a r d - A l p e r t  gauges a t  10 ^  T o r r  and lower  would v a r y  anywhere f rom 
10 v o l t s  n e g a t i v e  w i t h  r e s p e c t  t o  t h e  f i l a m e n t  v o l t a g e ,  t o  s e v e r a l  v o l t s  
n e g a t i v e  w i t h  r e s p e c t  t o  t h e  c o l l e c t o r  v o l t a g e .  In  t h e  l a t t e r  c a s e ,  
t h e  B a y a r d - A l p e r t  gauge c o l l e c t o r  c u r r e n t  went  n e g a t i v e .  Changes in  
r e s i d u a l  m a g n e t i c  f i e l d ,  p r e s s u r e ,  t e m p e r a t u r e ,  and e l e c t r o n  e m i s s i o n  
c u r r e n t  sometimes c a u s e d  l a r g e  immedia te  v a r i a t i o n s  in  t h e  w a l l  p o t e n ­
t i a l .  N e g a t i v e  c o l l e c t o r  c u r r e n t s  were  a lways e l i m i n a t e d  by making 
c o n t a c t  w i t h  t h e  m e t a l l i c  f i l m  on t h e  g l a s s  w a l l  and making i t  p o s i t i v e  
w i t h  r e s p e c t  t o  t h e  c o l l e c t o r .
91 . 1 . 4 . 4  D a ta  f rom S u p p r e s s o r  G a u g e s . Two ty p e s  of  
d a t a  ( o t h e r  t h a n  p r e s s u r e  m e a su re m e n ts )  can  be o b t a i n e d  from a s u p p r e s s o r  
gauge« The f i r s t  i s  i l l u s t r a t e d  i n  Fig« 1 . 2 .  T h i s  f i g u r e  shows c u r v e s  
o f  c o l l e c t o r  c u r r e n t  v e r s u s  s u p p r e s s o r  v o l t a g e .  The d a t a  were  t a k e n  a t  
10 mA e m i s s i o n  c u r r e n t  and each  i n d i v i d u a l  c u r v e  r e p r e s e n t s  d a t a  t a k e n  
a t  a c o n s t a n t  p r e s s u r e «  These  c u r v e s  i l l u s t r a t e  t h a t  as t h e  s u p p r e s s o r  
v o l t a g e  i s  i n c r e a s e d ,  t h e  p h o t o e l e c t r i c  component  o f  t h e  c o l l e c t o r  c u r ­
r e n t  i s  g r a d u a l l y  s u p p r e s s e d  u n t i l  t h e  c o l l e c t o r  c u r r e n t  becomes c o n s t a n t  
T h i s  f i n a l  c o n s t a n t  c o l l e c t o r  c u r r e n t  i s  t h e  ion  c u r r e n t  t o  t h e  c o l l e c t o r  
As d e s c r i b e d  e a r l i e r ,  i t  can  be s e e n  t h a t  lower  p r e s s u r e s  r e q u i r e  h i g h e r  
s u p p r e s s o r  v o l t a g e s  f o r  c o m p le t e  s u p p r e s s i o n .
The second  t y p e  o f  d a t a  i s  i l l u s t r a t e d  i n  F i g .  1 . 3 .  T h is  
f i g u r e  shows c u r v e s  o f  c o l l e c t o r  c u r r e n t  v e r s u s  t h e  v o l t a g e  be tween  
t h e  g r i d  and f i l a m e n t .  A l l  o f  t h e s e  c u r v e s  were t a k e n  a t  t h e  same 
p r e s s u r e  o f  1.3X10 ^  T o r r  and a t  10 mA e m i s s i o n  c u r r e n t .  Each i n d i v i ­
d u a l  c u r v e  c o r r e s p o n d s  t o  d a t a  t a k e n  a t  a c o n s t a n t  s u p p r e s s o r  v o l t a g e .  
With  t h e  s u p p r e s s o r  v o l t a g e  a t  z e r o  we s e e  t h a t  t h e  common x - r a y  c u r v e ,  
o f  t h e  t y p e  f a m i l i a r  f rom m easu rem en ts  on B a y a r d - A l p e r t  g a u g e s ,  i s  
o b t a i n e d .  For  v e r y  l a r g e  s u p p r e s s o r  v o l t a g e s  we can e l i m i n a t e  t h e  
p h o t o e l e c t r i c  c u r r e n t  f rom t h e  c o l l e c t o r  and a r e  l e f t  w i t h  som e th in g  
r e s e m b l i n g  a p r o b a b i l i t y  o f  i o n i z a t i o n  c u r v e .  For  i n t e r m e d i a t e  v a l u e s  
o f  s u p p r e s s o r  v o l t a g e s ,  we s e e  t h a t  t h e  s u p p r e s s i o n  o f  t h e  p h o t o c u r r e n t  
can be m a i n t a i n e d  u n t i l  t h e  e n e r g y  o f  t h e  x - r a y s  and ,  h e n c e ,  t h e  en e rg y  
o f  t h e  p h o t o e l e c t r o n s  becomes s u f f i c i e n t l y  l a r g e  t h a t  t h e  p h o t o e l e c t r o n s  
a r e  a b l e  t o  p e n e t r a t e  t h e  s u p p r e s s i o n  f i e l d  and e s c a p e  from t h e
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F i g ,  1 . 2 .  C o l l e c t o r  C u r r e n t  v e r s u s  S u p p r e s s o r  V o l t a g e ,  a t  S e v e r a l  P r e s s u r e s  
f o r  t h e  Model 46 Gauge,
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F i g ,  1 . 3 .  C o l l e c t o r  C u r r e n t  v e r s u s  G r id  V o l t a g e ,  a t  S e v e r a l  S u p p r e s s o r  
V o l t a g e s ,  f o r  t h e  Model 46 Gauge.
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c o l l e c t o r  i n  s u f f i c i e n t l y  l a r g e  numbers t o  c a u s e  t h e  c o l l e c t o r  c u r r e n t  
t o  i n c r e a s e  r a p i d l y  w i t h  g r i d  v o l t a g e «
The type  o f  c u r v e  shown i n  F i g .  1 .2  i s  e a s y  t o  o b t a i n  and i s  
an e x c e l l e n t  way o f  d e t e r m i n i n g  i f  t h e  gauge and i t s  a s s o c i a t e d  e l e c ­
t r o n i c s  a r e  p e r f o r m i n g  p r o p e r l y «  T h i s  d a t a  c a n n o t  be o b t a i n e d  i f  s t r o n g  
Ba rkhausen  o s c i l l a t i o n s  e x i s t  in  t h e  gauge .  When t h e y  e x i s t  i t  i s  
p o s s i b l e  f o r  e l e c t r o n s  f rom t h e  g r i d  r e g i o n  t o  r e a c h  t h e  c o l l e c t o r  when 
t h e  s u p p r e s s o r  v o l t a g e  i s  l e s s  t h a n  ab o u t  100 v o l t s .  T h i s  i s  n o t  n o r ­
m a l ly  a p rob lem  s i n c e  t h e  s u p p r e s s o r  i s  a lways more n e g a t i v e  t h a n  t h i s  
in  no rmal  o p e r a t i o n .
The main v a l u e  o f  t h e  c u r v e s  shown i n  F i g .  1 .3  i s  t h a t  f o r  
each  s u p p r e s s o r  v o l t a g e ,  t h e  c u r v e  can  be e x t r a p o l a t e d  b a c k  t o  normal  
g r i d  v o l t a g e  t o  d e t e r m i n e  a t  wha t  p r e s s u r e  t h a t  p a r t i c u l a r  s u p p r e s s o r  
v o l t a g e  w i l l  b e g in  t o  e x h i b i t  m a r g i n a l  s u p p r e s s i o n  c h a r a c t e r i s t i c s .
1 . 1 . 5  Model  46 D es ig n  F e a t u r e s . The gauge shown in  F i g .  1 .1
was e v o lv e d  a f t e r  i t  was d e c i d e d  t o  make a s u p p r e s s o r  gauge t h a t  was
e a s i e r  and c h e a p e r  t o  m a n u f a c t u r e  t h a n  t h e  model  19 gauge and which
would e l i m i n a t e  t h e  o s c i l l a t i o n  p ro b lem .  The gauge in  f i n a l  form i s
s im p ly  a m o d i f i c a t i o n  o f  a c o m m e r c i a l l y  a v a i l a b l e  B a y a r d - A l p e r t  ga uge .
The s e n s i t i v i t y  of  t h e  gauge f o r  i s  27 T o r r  The low p r e s s u r e
-13l i m i t  o f  t h e  gauge i s  i n  t h e  low 10 T o r r  r e g i o n .  The h ig h  p r e s s u r e  
l i n e a r i t y  i s  p r o b a b l y  due t o  t h e  l a c k  o f  any h i g h  ion  s p a c e  c h a r g e  such 
as  e x i s t s  i n  an i n v e r t e d  gauge a round  t h e  c o l l e c t o r  a t  h i g h  p r e s s u r e s .
T h is  gauge a l s o  has  t h e  d e s i r a b l e  f e a t u r e  t h a t  t h e  c o l l e c t o r  i s  c o m p l e t e l y
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s u r r o u n d e d  by a g rounded  c o n d u c t o r  which c o n s i d e r a b l y  s i m p l i f i e s  t h e  
ion  c u r r e n t  m e a s u r in g  p roblems due to  t h e  e l i m i n a t i o n  o f  e l e c t r o s t a t i c  
n o i s e „
1 . 1 . 5 . 1  Model 46 C o n s t r u c t i o n  O u t l i n e . C o n s t r u c t i o n  
s t a r t s  by o p en in g  up a com m erc ia l  B a y a r d - A l p e r t  gauge n e a r  t h e  p r e s s .
The o r i g i n a l  c o l l e c t o r  i s  removed from t h e  e n v e l o p e  and two a d d i t i o n a l  
o p e n in g s  a r e  made i n  t h e  t o p  o f  t h e  e n v e l o p e - - o n e  f o r  t h e  s u p p r e s s o r  
and one f o r  th e  s h i e l d .  The p l a t i n u m  b r i g h t  c o a t i n g  i s  t h e n  p a i n t e d  on 
and f i r e d  t o  650 C f o r  a few m i n u t e s .  The c o l l e c t o r  and s u p p r e s s o r  
r i n g  a r e  t h e n  i n s e r t e d  i n t o  t h e  e n v e l o p e  and t h e i r  f e e d t h r o u g h s  s e a l e d  
i n .  The s h i e l d  w i t h  a s m a l l  w i r e  f i n g e r  f o r  making c o n t a c t  w i t h  th e  
p l a t i n u m  b r i g h t  i s  t h e n  i n s e r t e d  and i t s  f e e d t h r o u g h  s e a l e d  i n .  The 
b o t to m  o f  t h e  g a u g e ' s  g r i d  i s  t h e n  c l o s e d  by s p o t w e l d i n g  a s m a l l  c i r c u ­
l a r  g r i d  t o  t h e  g r i d ' s  f o u r  s u p p o r t  w i r e s .  The t u b e  i s  t h e n  s e a l e d  
back  t o g e t h e r  and i s  r e a d y  f o r  s e r v i c e .
1 . 1 . 5 . 2  O p e r a t i o n  o f  S u p p r e s s o r  G a u g e s . In  normal  
o p e r a t i o n ,  t h e  s h i e l d  i s  a lways g r o u n d e d ,  t h e  f i l a m e n t  i s  a t  a p p r o x i ­
m a t e l y  +50 V and t h e  g r i d  i s  a t  a p p r o x i m a t e l y  +200 V. D ur ing  o u t g a s s i n g  
o f  t h e  g r i d ,  t h e  s h i e l d  i s  l e f t  g rounded  and t h e  p r e s s u r e  i n  t h e  gauge 
can be m o n i t o r e d  i f  t h e  s u p p r e s s o r  v o l t a g e  i s  h ig h  enough t o  keep 
e l e c t r o n s  f rom r e a c h i n g  the  c o l l e c t o r .  Normal o p e r a t i o n  i n  our  l a b o r a ­
t o r i e s  i s  a t  3 . 7  mA e m i s s i o n  c u r r e n t  w h i l e  an o u t g a s  i s  pe r fo rm e d  a t  
be tween  100 and 150 w a t t s .  I t  ha s  n e v e r  b een  found  n e c e s s a r y  t o  o u tg a s  
e i t h e r  t h e  s h i e l d  or  c o l l e c t o r  t o  r e a c h  low p r e s s u r e s .  They a r e
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a p p a r e n t l y  s u f f i c i e n t l y  o u t g a s s e d  by t h e r m a l  r a d i a t i o n  d u r i n g  t h e  g r i d  
o u t g a s .
T e s l a  c o i l s  u sed  f o r  l e a k  c h e c k i n g  s h o u l d  n o t  be to u c h e d  to  
t h e  s h i e l d  f e e d t h r o u g h  as t h e  c o n n e c t i o n  be tween  t h e  s h i e l d  and p l a t i n u m  
b r i g h t  may be bu rned  away.
I f  o s c i l l a t i o n s  a r e  p r e s e n t  i n  t h e  t u b e ,  t h e  c o l l e c t o r  c u r r e n t  
may become n e g a t i v e  i f  t h e  s u p p r e s s o r  i s  n e a r  g round  due t o  e l e c t r o n s  
g a i n i n g  enough e n e r g y  i n  t h e  g r i d  r e g i o n  t o  go t h r o u g h  t h e  h o l e  i n  t h e  
s h i e l d  and impac t  on t h e  c o l l e c t o r .  At normal  s u p p r e s s o r  v o l t a g e s ,  t h i s  
e f f e c t  i s  n e v e r  s e e n ,  b e c u a s e  t h e  e l e c t r o n s  a r e  u n a b l e  t o  p e n e t r a t e  
t h r o u g h  t h e  r e t a r d i n g  f i e l d  formed by the  s u p p r e s s o r .
1 . 1 . 6  O u t l i n e  f o r  a Super  S u p p r e s s o r  Gauge , In  a gauge as 
o u t l i n e d  above ,  t h e  r e f l e c t e d  x - r a y  l i m i t  i s  a p p r o x i m a t e l y  one t h o u s a n d t h  
o f  t h e  u n s u p p r e s s e d  p r i m a r y  x - r a y  l i m i t .  As long  as t h e  r e f l e c t e d  
p h o to n s  r e a c h  the  s u p p r e s s o r  a f t e r  one r e f l e c t i o n ,  t h e  lower  l i m i t  of  
t h e  gauge c a n n o t  be improved w i t h o u t  a d v e r s e l y  a f f e c t i n g  one o f  t h e  
o t h e r  c h a r a c t e r i s t i c s  o f  t h e  ga uge .  Any geom et ry  which would lower  t h e  
r e f l e c t e d  x - r a y  l i m i t  would a l s o  have t o  i n c o r p o r a t e  improved p r im a r y  
x - r a y  c u r r e n t  s u p p r e s s i o n  i n  o r d e r  t o  keep  t h e  s u p p r e s s o r  v o l t a g e  w i t h i n  
r e a s o n  a t  lower  p r e s s u r e s .  The gauge shown in  F i g .  1 .4  s a t i s f i e s  b o th  
c o n d i t i o n s ,  though  t h e  s e n s i t i v i t y  w i l l  be r e d u c e d  to  5 T o r r * 1 . By 
t h i n k i n g  ab o u t  a l l  t h e  p o s s i b l e  p a t h s  p ho tons  f rom t h e  g r i d  c o u ld  f o l l o w ,  
i t  w i l l  be s e e n  t h a t  t h e  o n l y  p l a c e  on t h e  s u p p r e s s o r  where a pho ton  
can impac t  a f t e r  one r e f l e c t i o n  i s  on t h e  h a l f  o f  t h e  s u p p r e s s o r  n e a r  
t h e  s h i e l d .  Any r e s u l t i n g  p h o t o e l e c t r o n  can  o n ly  go t h e  t h e  s h i e l d  and
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t h e r e f o r e  n e v e r  a f f e c t s  t h e  c o l l e c t o r  c u r r e n t .  The h a l f  o f  t h e  s u p p r e s s o r  
n e a r  t h e  c o l l e c t o r  can  o n ly  be s t r u c k  by p h o to n s  a f t e r  two r e f l e c t i o n s  
and t h e r e f o r e  t h e  r e f l e c t e d  x - r a y  c u r r e n t ,  which ca n  r e a c h  t h e  c o l l e c t o r  
i n  t h i s  c a s e ,  sh o u ld  be a p p r o x i m a t e l y  one m i l l i o n t h  o f  t h e  u n s u p p r e s s e d  
p r im a r y  x - r a y  c u r r e n t .  I t  s h o u l d  a l s o  be n o t e d  t h a t  t h e  s u p p r e s s o r  in  
t h i s  geomet ry  i s  much l a r g e r  t h a n  i n  t h e  model 46 gauge and he nce  a b l e  
t o  e x e r c i s e  c o n s i d e r a b l y  more c o n t r o l  ove r  t h e  p r i m a r y  x - r a y  c u r r e n t .  
S e v e r a l  gauges o f  t h i s  t y p e  have been b u i l t  and t h e i r  c h a r a c t e r i s t i c s  
a r e  b e t t e r  t h a n  s i m p l e r  s u p p r e s s o r  g a u g e s .  At t h e  p r e s e n t  t ime  our  
l a b o r a t o r y  i s  u n a b l e  t o  measu re  t h e i r  u l t i m a t e  x - r a y  l i m i t a t i o n  and has  
no p l a n s  t o  d e v e l o p  t h i s  v e r s i o n  o f  t h e  ga uge .
1 . 1 . 7  D e t a i l e d  C o n s t r u c t i o n  I n f o r m a t i o n  f o r  t h e  Model 46 
S u p p r e s s o r  Gauge .
The model 46 s u p p r e s s o r  gauges made a t  CSL have been c o n v e r t e d  
from W e s t in g h o u se  t y p e  5966 B a y a r d - A l p e r t  gauges and a r e  shown in  F i g .  1 . 5 .  
These t u b e s  a r e  opened by our  g l a s s b l o w e r  a t  t h e  b a s e  o f  t h e  t u b e  where 
t h e  p r e s s  was o r i g i n a l l y  s e a l e d  i n .  The p r e s s  i s  t h e n  removed and t h e  
o p en in g  a t  t h e  lower  end o f  t h e  e n v e l o p e  i s  widened  t o  make i t  p o s s i b l e  
t o  i n s e r t  t h e  s h i e l d  l a t e r .  The o r i g i n a l  c o l l e c t o r  i s  t h e n  removed from 
t h e  e n v e lo p e  and a s h o r t  12 mm g l a s s  t u b e  g l a s s e d  on t o  make i t  p o s s i b l e  
t o  i n s t a l l  t h e  c o l l e c t o r  f e e d t h r o u g h  l a t e r  w i t h o u t  h e a t i n g  t h e  main 
e n v e l o p e .  At  a p o i n t  45° down and a n o t h e r  a t  90° down from t h e  c o l l e c t o r ,  
h o l e s  a r e  blown and a d d i t i o n a l  s h o r t  12 mm g l a s s  t u b e s  a r e  added t o  t a k e  
t h e  s u p p r e s s o r  and s h i e l d  f e e d t h r o u g h s .  At t h i s  t im e  we u s u a l l y  change 
t h e  pumping l e a d  from 1 /2  i n c h  t o  1 i n c h .  A c o a t i n g  o f  p l a t i n u m  b r i g h t
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i s  t h e n  p a i n t e d  on t h e  i n s i d e  o f  t h e  h e m i s p h e r e ,  which  forms t h e  end of  
t h e  e n v e l o p e ,  and 1/4  inch  i n t o  t h e  h o l e  which w i l l  h o ld  t h e  s u p p r e s s o r „ 
The c o a t i n g  sh o u ld  go un d e r  t h e  edge o f  t h e  c o l l e c t o r  b u t  no c l o s e r  t o  
t h e  c o l l e c t o r  l e a d  t h a n  n e c e s s a r y  t o  m in im ize  any p o s s i b i l i t y  o f  a l e a k a g e  
r e s i s t a n c e  be tween  t h e  p l a t i n u m  b r i g h t  and t h e  c o l l e c t o r „ The e n v e lo p e  
i s  t h e n  a n n e a l e d  a t  650 C which a l s o  f i r e s  t h e  p l a t i n u m  c o a t i n g „ T h is  
u n u s u a l l y  h i g h  a n n e a l i n g  t e m p e r a t u r e  i s  n e c e s s a r y  i n  o r d e r  t o  p r e v e n t  
t h e  p l a t i n u m  c o a t i n g  from s u b s e q u e n t l y  b e i n g  l i f t e d  o f f  t h e  g l a s s  by 
condensed  w a t e r  vapor  d u r i n g  g l a s s  b l o w i n g „
The c o l l e c t o r  i s  made from a d i s c  o f  „0 1 0 - in c h  s t a i n l e s s  
s h e e t  1 - 3 / 8  inch  i n  d i a m e te r »  I t  i s  made concave  by p r e s s i n g  i t  i n t o  
a l e a d  b l o c k  w i t h  a formed aluminum bar» The s u p p r e s s o r  r i n g  i s  a 
• 0 8 0 - i n c h  n i c k e l  w i r e  formed i n t o  a 1 inch  I»D. c i r c l e »  The s h i e l d  i s  
a 1 - 3 / 4  inch  d i s c  o f  »0 1 5 - i n c h  s t a i n l e s s  s h e e t  w i t h  a 1 / 2 - i n c h  h o l e  in  
t h e  c e n t e r »  A cross  t h e  h o l e  i s  s p o t - w e l d e d  a 98% t r a n s p a r e n t  woven 
t u n g s t e n  mesh» On t h e  o u t e r  p e r i m e t e r  o f  t h e  s h i e l d ,  a 3 / 4 - i n c h  p i e c e  
o f  »005 t u n g s t e n  w i r e  i s  s p o t w e l d e d  and b e n t  i n  such a way as t o  make 
a l i g h t  c o n t a c t  w i t h  th e  p l a t i n u m  b r i g h t  c o a t i n g  on t h e  e n v e l o p e  when 
t h e  s h i e l d  i s  i n s t a l l e d »  The f e e d t h r o u g h s  f o r  t h e  c o l l e c t o r ,  s u p p r e s s o r ,  
and s h i e l d  a r e  s t a n d a r d  » 0 4 0 - in ch  n i c k e l  t o  „0 3 0 - in c h  t u n g s t e n  t o  k o o l -  
g r i d  w i r e  type» The f e e d t h r o u g h s  a r e  a p p r o p r i a t e l y  formed and s p o tw e ld e d  
to  each  p iece»
An aluminum b a r  has  b een  machined which f i t s  l o o s e l y  i n t o  t h e  
e n v e l o p e ,  i t s  top  r e s t i n g  a g a i n s t  t h e  h e m i s p h e r i c a l  end ,  which h o l d s  t h e  
c o l l e c t o r  i n  p o s i t i o n  f o r  s e a l i n g  in  i t s  f e e d th r o u g h »  A second  aluminum
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b a r ,  which r e s t s  a g a i n s t  t h e  c o l l e c t o r ,  p o s i t i o n s  t h e  s u p p r e s s o r  f o r  
s e a l i n g  i n  i t s  f e e d t h r o u g h .  The c o l l e c t o r  has  a 1 / 1 6 - i n c h  gap be tween  
i t  and t h e  e n v e lo p e  and t h e  t o p  o f  t h e  s u p p r e s s o r  i s  1/8  inch  from t h e  
p l a n e  d e f i n e d  by t h e  edge o f  t h e  c o l l e c t o r .  The s h i e l d  i s  t h e n  i n s t a l l e d  
and p o s i t i o n e d  by t h e  f l a t  end o f  a n o t h e r  machined aluminum b a r  a d i s ­
t a n c e  o f  1 /16  inch  from t h e  lower  edge o f  t h e  s u p p r e s s o r  by a s m a l l  p i n  
which e x t e n d s  f rom t h e  b a r  t h r o u g h  t h e  mesh t o  t o u c h  t h e  c o l l e c t o r .
T h i s  c o m p l e t e s  the  work on t h e  e n v e l o p e .
The c i r c u l a r  g r i d  i s  c o n s t r u c t e d  o f  a . 0 2 0 - i n c h  molybdenum 
w i r e  c i r c l e  w i t h  a 5 / 8 - i n c h  O.D. A c ro s s  t h i s  a r e  s p o t t e d  . 0 0 5 - i n c h  
molybdenum w i r e s  on 1 / 1 6 - i n c h  s p a c i n g s .  Then ,  f o u r  . 0 2 0 - i n c h  molybdenum 
w i r e s  a r e  we ld  90° a p a r t  on t h e  r i n g  which e x t e n d  o u t  r a d i a l l y  f o r  3 /16  
i n c h .  T h i s  r i n g  i s  t h e n  we lded  t o  t h e  f o u r  s u p p o r t  w i r e s  on t h e  5966 
g r i d  j u s t  a t  t h e  lower  end o f  t h e  g r i d  w i n d i n g .  The r e a s o n  why a l l  
f o u r  s u p p o r t  w i r e s  a r e  t i e d  t o g e t h e r  i s  t o  p r e v e n t  t h e  u n s u p p o r t e d  two 
from w a r p in g  t h e  g r i d  o u t  o f  sh ape  d u r i n g  a h a r d  o u t g a s s i n g .  I f  t h i s  
h a ppened ,  t h e n  th e  x - r a y  c h a r a c t e r i s t i c s  or  s e n s i t i v i t y  o f  t h e  gauge 
migh t  c h a n g e .  Some 5966 g r i d  s u p p o r t  w i r e s  e x t e n d  above t h e  u p p e r  end 
o f  t h e  g r i d  w in d in g  a c o n s i d e r a b l e  d i s t a n c e ,  and th e y  sh o u ld  be c l i p p e d  
o f f  c l o s e  t o  t h e  w in d i n g .  A l l  t h a t  r e m a in s  t o  be done i s  t o  p o s i t i o n  
t h e  g r i d  1/2  in c h  from t h e  s h i e l d ,  c e n t e r  t h e  g r i d  on th e  h o l e  i n  t h e  
s h i e l d ,  and c l o s e  up t h e  e n v e l o p e .
1 . 1 . 8  Summary and C o n c l u s i o n s . A r e l a t i v e l y  s im p le  i o n i z a t i o n
-13gauge f o r  m e a s u r in g  down t o  10 T o r r  has  been  d e v e l o p e d .  The gauge has
been  used  s u c c e s s f u l l y  by s e v e r a l  e x p e r i m e n t e r s  b o t h  i n  CSL and o t h e r
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-12l a b o r a t o r i e s  in  t h e  low 10 T o r r  r e g i o n .  I t s  c o s t  i n  q u a n t i t y  would 
be l i t t l e  more t h a n  a s t a n d a r d  i n v e r t e d  gauge w h i l e  i t  can  measu re  p r e s ­
s u r e s  h u n d re d s  o f  t im e s  lo w e r .  Because  o f  t h e  c o m p a t a b i l i t y  o f  e x i s t i n g  
ion  gauge s u p p l i e s ,  e l e c t r o m e t e r s ,  and measurement  t e c h n i q u e s ,  i t  i s  
b e l i e v e d  t h a t  t h e  s u p p r e s s o r  gauge o f f e r s  t h e  most  p rom ise  f o r  making 
i t  p o s s i b l e  f o r  vacuum r e s e a r c h  p e o p l e ,  t h e  v a s t  m a j o r i t y  o f  whom now
use B a y a r d - A l p e r t  g a u g e s ,  t o  d e v e l o p  t h e  know-how f o r  r e l i a b l y  o b t a i n i n g
“11 -12p r e s s u r e s  i n  t h e  10 and 10 T o r r  r e g i o n .  The r e s u l t s  o f  S e c t i o n
1 . 1 . 4 . 1  ( S e n s i t i v i t y )  i n d i c a t e  t h a t  t h e  ion  s o u r c e  u sed  in  t h i s  s u p p r e s ­
s o r  gauge c o u l d  be a p p l i e d  t o  o t h e r  i n s t r u m e n t s ,  such as mass s p e c t r o ­
m e t e r s ,  o r  t o  s t i l l  o t h e r  t y p e s  o f  g a u g e s .
1.2
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M o d i f i c a t i o n  o f  t h e  B a y a r d - A l p e r t  Gauge by t h e  A d d i t i o n  
o f  a Second C o l l e c t o r
With t h e  d e v e lo p m e n t  o f  t h e  i n v e r t e d  i o n i z a t i o n  gauge by
R. T. Bayard and D. A l p e r t  t h e  p r o d u c t i o n  o f  low p r e s s u r e s  was so
s t i m u l a t e d  t h a t  p r e s s u r e s  o f  t h e  o r d e r  o f  10 T o r r  a r e  commonplace
7 ,8t o d a y .  F u r t h e r  advances  i n  a t t a i n i n g  even  low er  p r e s s u r e s  have  been
hampered by t h e  l a c k  o f  a s im p ly  c o n s t r u c t e d  gauge which i s  c a p a b l e  o f  
r e a d i n g  p r e s s u r e s  be low t h e  u s u a l l y  a c c e p t e d  x - r a y  l i m i t  o f  t h e  B a y a rd -  
A l p e r t  gauge .  T h i s  s e c t i o n  d e s c r i b e s  a m o d i f i c a t i o n  o f  t h e  i n v e r t e d  
gauge in  which  th e  e f f e c t i v e  x - r a y  l i m i t  has  been  s u b s t a n t i a l l y  r e d u c e d .
I n  t h i s  m o d i f i c a t i o n ,  a second  c o l l e c t o r  has  been  added t o  t h e  
gauge and i s  b i a s e d  a t  a p o t e n t i a l  be low t h a t  o f  t h e  f i r s t  c o l l e c t o r  
( s e e  F i g .  1 . 6 ) .  With a b i a s  o f  60 V t h e  ion  c u r r e n t  f rom  t h e  b i a s e d  
c o l l e c t o r  was found t o  be t w i c e  t h a t  o f  t h e  u n b i a s e d  c o l l e c t o r .  On t h e  
o t h e r  hand ,  t h e  x - r a y  c u r r e n t s  f rom t h e s e  c o l l e c t o r s  a r e  a p p r o x i m a t e l y  
e q u a l  due t o  t h e i r  s i m i l a r  c o n s t r u c t i o n  and sy m m etr ic  p l a c e m e n t  o f  t h e  
c o l l e c t o r s  w i t h i n  t h e  gauge .  Thus,  i f  t h e  c o l l e c t o r  c u r r e n t s  a r e  s u b ­
t r a c t e d ,  t h e  x - r a y  c u r r e n t s  n e a r l y  c a n c e l ,  and t h e  n e t  c u r r e n t  i s  t o  
f i r s t  o r d e r  due o n ly  t o  i o n s .  S i n c e  t h e  io n  c u r r e n t  t o  t h e  b i a s e d  c o l ­
l e c t o r  i s  a p p r o x i m a t e l y  t w i c e  t h a t  t o  t h e  u n b i a s e d  e l e c t r o d e ,  t h e  d i f f e r e n c e  
c u r r e n t  c o r r e s p o n d s  t o  t h a t  o f  a gauge w i t h  a s e n s i t i v i t y  o n e - t h i r d  t h a t  
o f  a s t a n d a r d  gauge ,  b u t  w i t h  a g r e a t l y  r e d u c e d  x - r a y  c u r r e n t .
^D. A l p e r t ,  " P r o d u c t i o n  and Measurement  o f  U l t r a h i g h  Vacuum," 
Handbook o f  P h y s i c s , ed .  by S.  F lu g g e  ( S p r i n g e r - V e r l a g ,  B e r l i n ,  1958) ,  p .  609.
g
H. A. S t e i n h e r z  and P. Redhead ,  S c i .  Am. 2 0 6 , 78 ( 1 9 6 2 ) .
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F ig „  1 . 6 .  M o d i f i e d  B a y a r d - A l p e r t  Gauge Showing t h e  A d d i t i o n  o f  a Second 
C o l l e c t o r .  The second  c o l l e c t o r  i s  u sed  t o  c a n c e l  t h e  x - r a y  
component  o f  t h e  c u r r e n t .
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A m o d i f i e d  gauge was c o n s t r u c t e d  by a s im p le  a l t e r a t i o n  o f  a 
co m m erc ia l  v e r s i o n  o f  t h e  B a y a r d - A l p e r t  g a u g e . The b i a s  v o l t a g e  t y p i c a l l y  
use d  i s  60 V, though  t h i s  i s  n o t  c r i t i c a l .  The d e s i g n  o f  t h e  b i a s i n g  
c i r c u i t  i s ,  however ,  q u i t e  i m p o r t a n t ,  s i n c e  l e a k a g e  c u r r e n t s  can e a s i l y  
be as l a r g e  as th e  io n  c u r r e n t s  to  be m e a s u re d .  However,  i t  has  been  
found t h a t ,  w i t h  t h e  p r o p e r  u se  o f  g u a r d - r i n g  p o t e n t i a l s  on t h e  gauge as 
w e l l  as on t h e  b i a s i n g  d e v i c e ,  t h e  l e a k a g e  c u r r e n t s  may be r e d u c e d  t o  
t o l e r a b l e  v a l u e s .  The use  o f  low n o i s e  c o a x i a l  c a b l e  was a l s o  found  to  
be n e c e s s a r y ,  A K e i t h l e y  d i f f e r e n t i a l  e l e c t r o m e t e r  (model 603) i s  
i d e a l l y  s u i t e d  t o  p e r f o r m  th e  s u b t r a c t i o n  o f  t h e  two c o l l e c t o r  c u r r e n t s .  
The m o d i f i e d  gauge was t e s t e d  on an u l t r a h i g h  vacuum s y s t e m  
c a p a b l e  o f  a t t a i n i n g  gauge r e a d i n g s  c o r r e s p o n d i n g  t o  a few t im es  10 ^  
T o r r ,  I n  o r d e r  t o  a s c e r t a i n  t h e  e f f e c t i v e  x - r a y  l i m i t ,  t h e  n e t  c u r r e n t  
was m easu red  as a f u n c t i o n  o f  t h e  e n e r g y  o f  t h e  i o n i z i n g  e l e c t r o n s .
F i g u r e  1 .7  i n d i c a t e s  t h e  r e s u l t s  o f  two t y p i c a l  r u n s .  Curve (1)  was 
o b t a i n e d  by b i a s i n g  one c o l l e c t o r ,  w h i l e  c u r v e  (2)  was o b t a i n e d  by i n t e r ­
c h a n g in g  t h e  e l e c t r o m e t e r  l e a d s  and t h u s  b i a s i n g  t h e  second  c o l l e c t o r .
The s m a l l  r e m a i n i n g  c o n t r i b u t i o n  o f  t h e  x - r a y  c u r r e n t  i s  e v i d e n c e d  by 
t h e  s l o w l y  i n c r e a s i n g  t a i l  i n  c u r v e  (1)  and t h e  s l o w l y  d e c r e a s i n g  t a i l  
in  c u r v e  ( 2 ) .  (The s u b t r a c t i o n  p r o c e s s  c a u s e s  t h e  change  in  s i g n  o f  t h e  
c o n t r i b u t i o n  o f  t h e  x - r a y  c u r r e n t  upon i n t e r c h a n g i n g  t h e  l e a d s . )  S in c e  
t h e  c o n t r i b u t i o n s  a r e  o f  o p p o s i t e  s i g n ,  t h e  x - r a y  e f f e c t  can  be f u r t h e r  
r e d u c e d  by t h e  summation o f  c u r v e s  (1)  and ( 2 ) ,  Curve (3)  i s  t h i s  sum 
and i s  c h a r a c t e r i s t i c  i n  sh ape  o f  an i o n i z a t i o n  p r o b a b i l i t y  cu rv e  f o r  
e l e c t r o n  e n e r g i e s  up t o  400 eV,
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F i g ,  1 , 7 ,  X-Ray C u r r e n t  C h a r a c t e r i s t i c s  o f  t h e  M o d i f i e d  Gauge,
25
The i n s e r t i o n  o f  t h e  s econd  c o l l e c t o r  a l l o w s  t h i s  gauge t o  be 
used  in  t h e  Redhead mode o f  o p e r a t i o n ;  t h a t  i s ,  t h e  second  c o l l e c t o r  
may be used  t o  m odu la te  i o n  c u r r e n t  u s i n g  an ac v o l t a g e . 9 The x - r a y  
l i m i t  as measu red  i n  t h i s  mode o f  o p e r a t i o n  i s  a p p r o x i m a t e l y  t h e  same 
as t h a t  o b s e r v e d  in  t h e  d i f f e r e n t i a l  mode. However,  t h e  d i f f e r e n t i a l  
mode o f  o p e r a t i o n  i s  f r e e  o f  t r o u b l e s o m e  t r a n s i e n t s  i n t r o d u c e d  i n  s w i t c h ­
ing  o r  m o d u l a t i o n .  F u r t h e r m o r e ,  t h e  d i f f e r e n t i a l  mode p r o v i d e s  c o n t i n u o u s  
p r e s s u r e  r e a d i n g s  w i t h  a r e s p o n s e  t im e  c h a r a c t e r i s t i c  o f  t h e  e l e c t r o m e t e r  
(a few s e c o n d s ) ,  r a t h e r  t h a n  some m u l t i p l e  o f  t h e  s w i t c h i n g  t ime  
( a p p r o x i m a t e l y  30 s e c ) „
The m o d i f i e d  gauge has  an e f f e c t i v e  x - r a y  l i m i t  a t  l e a s t  one ,  
and p o s s i b l y  two,  o r d e r s  o f  m ag n i tu d e  below t h a t  o f  a s t a n d a r d  i n v e r t e d  
i o n i z a t i o n  gauge .  S i n c e  t h e  gauge i s  a s i m p l e  m o d i f i c a t i o n  o f  t h e  o r i g i n a l  
B a y a r d - A l p e r t  d e s i g n ,  i t  can  be o p e r a t e d  w i t h  s t a n d a r d  power s u p p l i e s .
The u l t i m a t e  p r e s s u r e  m e a s u r a b l e  w i t h  t h e  m o d i f i e d  gauge i s  l i m i t e d  
by t h e  q u a l i t y  o f  th e  d i f f e r e n t i a l  m ic roammete r  and by t h e  a b i l i t y  o f  
t h e  e x p e r i m e n t e r  t o  e l i m i n a t e  s t r a y  dc l e a k a g e  c u r r e n t s .  S i n c e  q u a l i t y  
d i f f e r e n t i a l  mic roammete rs  a r e  a v a i l a b l e  c o m m e r c i a l l y ,  t h i s  gauge r e p r e ­
s e n t s  an a t t r a c t i v e  s o l u t i o n  t o  t h e  p ro b le m  o f  r e a d i n g  p r e s s u r e s  i n t o  
-12t h e  10 T o r r  p r e s s u r e  r e g i o n .
P. Redhead ,  Rev.  S c i I n s t r .  31,  343 ( I 9 6 0 ) .
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1 q3 A Simple H igh-Sens  i t i v i t y  Mass S p e c t r o m e t e r
The a d d i t i o n a l  i n f o r m a t i o n  a b o u t  s y s t e m  c o n d i t i o n s  t h a t  can 
be o b t a i n e d  w i t h  t h e  h e l p  o f  a mass s p e c t r o m e t e r  made i t  i n c r e a s i n g l y  
o b v io u s  t h a t  a u s e f u l  a d d i t i o n  t o  vacuum i n s t r u m e n t a t i o n  would be a r e l a ­
t i v e l y  i n e x p e n s i v e ,  e a s y  t o  o p e r a t e  mass s p e c t r o m e t e r  which c o u l d  be 
p l a c e d  on any vacuum s t a t i o n  much as B a y a r d - A l p e r t  gauges a r e  now a p p l i e d .  
Such a d e v i c e  s h o u l d  p r e f e r a b l y  have a s e n s i t i v i t y  o f  10  ^ am ps /Torr  
w i t h o u t  an e l e c t r o n  m u l t i p l i e r  a t  t h e  o u t p u t .
Toward t h e  above end a t y p e  o f  mass s p e c t r o m e t e r  u t i l i z i n g  a 
m a g n e t i c  f i e l d  was i n v e s t i g a t e d  t h e o r e t i c a l l y  and one model  o f  such an 
i n s t r u m e n t  was t e s t e d  b r i e f l y .
I n  a mass s p e c t r o m e t e r  u t i l i z i n g  a m a g n e t i c  f i e l d  where a h ig h  
s e n s i t i v i t y  w i t h o u t  an e l e c t r o n  m u l t i p l i e r  i s  d e s i r e d  i t  becomes n e c e s s a r y  
t o  e l i m i n a t e  f i n e  s l i t s  and s m a l l  c y l i n d r i c a l  beams o f  e l e c t r o n s  (mag­
n e t i c  d e f l e c t i o n  and om ega t ron  mass s p e c t r o m e t e r s ,  r e s p e c t i v e l y ) .  The 
f i n e  s l i t s  r e d u c e  t h e  t r a n s m i t t e d  ion  beam, and f i n e  beams o f  e l e c t r o n s  
s u f f e r  f rom l a r g e  s p a c e  c h a r g e  p rob lem s  a t  m i l l i a m p e r e - s i z e d  c u r r e n t s .
The mass s p e c t r o m e t e r s  b r i e f l y  d e s c r i b e d  h e r e  a r e  a p a r t i a l  s o l u t i o n  to  
t h e  above p ro b lem s  i n  t h a t  a s h e e t  beam o f  e l e c t r o n s  i s  u sed  and on ly  
one s l i t  f o r  i o n s  i s  r e q u i r e d .  The s l i t  i s  a t  t h e  ion  c o l l e c t o r  and has  
a n e g l i g i b l e  e f f e c t  on s e n s i t i v i t y .  Two forms o f  t h e  i n s t r u m e n t  a r e  
p o s s i b l e .  The more c o m p l i c a t e d  one g i v e s  h i g h e r  r e s o l u t i o n  w h i l e  t h e  
l e s s  c o m p l i c a t e d  one s i m p l i f i e s  t h e  e l e c t r o n  sp a c e  c h a r g e  n e u t r a l i z a t i o n
prob lem .
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The more c o m p l i c a t e d  i n s t r u m e n t  i s  shown i n  t h e  f i r s t  s c h e m a t i c  
( F i g .  1 . 8 ) .  A s h e e t - b e a m  o f  e l e c t r o n s  (shown by t h e  x ' e d  l i n e ) ,  p e r p e n ­
d i c u l a r  t o  t h e  p a p e r ,  i o n i z e s  m o l e c u l e s  which  a r e  a c c e l e r a t e d  i n  the  
c r o s s e d  E and B f i e l d s  tow ard  t h e  g r i d .  The p a t h  o f  each  i n d i v i d u a l  ion  
i s  a c y c l o i d .  Upon p a s s i n g  th r o u g h  th e  g r i d  t h e  t r a j e c t o r y  o f  t h e  ion  
becomes c i r c u l a r  and f i n a l l y  p a s s e s  t h r o u g h  t h e  s l i t  t o  t h e  c o l l e c t o r .
I t  can be shown t h a t  good f o c u s i n g  can  be o b t a i n e d  from such  an i n s t r u m e n t  
The l e s s  c o m p l i c a t e d  i n s t r u m e n t  i s  shown in  t h e  second  s c h e m a t i c  
( F i g .  1 . 9 ) .  Again  t h e  x ' e d  l i n e  r e p r e s e n t s  t h e  s h e e t  o f  e l e c t r o n s .  The 
ions  p roduced  w i t h i n  t h e  beam a r e  a c c e l e r a t e d  in  t h e  c r o s s e d  E and B 
f i e l d s .  At t h e  p o i n t  where  t h e  ion  has  r e a c h e d  i t s  maximum d i s t a n c e  
from th e  p l a n e  o f  t h e  e l e c t r o n  beam, t h e r e  e x i s t s  a c o l l e c t o r .  Due t o  
the  n a t u r e  o f  t h e  i o n s ’ c y c l o i d a l  p a t h  a t  t h i s  p o i n t ,  a l l  i o n s  change 
t h e i r  x c o o r d i n a t e  v e r y  l i t t l e  f o r  a r a t h e r  l a r g e  change  in  t h e i r  y 
c o o r d i n a t e .  T h is  a l l o w s  i o n s  formed in  a l l  p a r t s  o f  t h e  e l e c t r o n  beam 
t o  be a p p r o x i m a t e l y  f o c u s e d  o n to  t h e  c o l l e c t o r .
The i n s t r u m e n t  b u i l t  was o f  t h e  form shown in  F i g .  1 .8  and was 
o p e r a t e d  in  a m a g n e t i c  f i e l d  s u p p l i e d  by a p e rm anen t  magne t .  I t  had a 
s e n s i t i v i t y  o f  10 2 a m p s /T o r r  and a r e s o l u t i o n  o f  ab o u t  10. The e x p e c t e d  
r e s o l u t i o n  was 30; t h e  l a c k  o f  s e n s i t i v i t y  was a t t r i b u t e d  t o  t h e  s l i t  
p a s s i n g  o n ly  a f r a c t i o n  o f  t h e  io n s  th r o u g h  t o  t h e  c o l l e c t o r  due t o  poor  
ion  f o c u s i n g .  The r e s o l u t i o n  d i d  n o t  change  w i t h  e l e c t r o n  c u r r e n t ,  so 
i t  i s  assumed t h a t  t h e  n o n - u n i f o r m  m a g n e t i c  f i e l d  was p r i m a r i l y  r e s p o n s i b l e  
f o r  t h e  l o s s  in  r e s o l u t i o n .  The f i n a l  i n s t r u m e n t  t u r n e d  o u t  t o  be s u f ­
f i c i e n t l y  c o m p l i c a t e d  so t h a t  i t  o f f e r e d  l i t t l e more in  economy or
28
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p e r f o r m a n c e  over  no rm al  d e f l e c t i o n - t y p e  mass s p e c t r o m e t e r s , ,  A number o f  
r e a s o n a b l y  s i m p l e  r e s i d u a l  gas a n a l y s e s  have a p p e a r e d  on t h e  m arke t  
r e c e n t l y .  One, p ro d u c e d  by V a r i a n  A s s o c i a t e s ,  o f f e r s  h ig h  c u r r e n t  
s e n s i t i v i t y  combined w i t h  m o d e ra t e  r e s o l u t i o n  t o  mass 70, I t  t h e r e f o r e  
has  been  d e c i d e d  t o  d i s c o n t i n u e  work on t h e  i n s t r u m e n t s  d e s c r i b e d  in
t h i s  s e c t i o n .
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1-4- E f f e c t s  o f  E l e c t r o n - S u r f a c e  I n t e r a c t i o n  in  I o n i z a t i o n  Gauges,
I n c l u d i n g  0^ t o  CO C o n v e r s i o n .
I .  4 . 1  I n t r o d u c t i o n . I n  1962,  s e v e r a l  e x p e r i m e n t e r s  r e p o r t e d  
an anomalous b e h a v i o r  o f  i o n i z a t i o n  gauges which was c h a r a c t e r i z e d  by a 
d e p a r t u r e  f rom p r o p o r t i o n a l i t y  be tween  t h e  ion  c o l l e c t o r  c u r r e n t  and 
t h e  e l e c t r o n  c u r r e n t  t o  t h e  g r i d .  S i n c e  t h i s  b e h a v i o r  may r e s u l t  in  
s e r i o u s  e r r o r s  in  p r e s s u r e  m easu rem en t ,  p a r t i c u l a r l y  when gauges a r e  
o p e r a t e d  a t  low g r i d  c u r r e n t s ,  t h e  d i s c o v e r y  and i n t e r p r e t a t i o n  o f  t h e  
e f f e c t  i s  o f  major  s i g n i f i c a n c e  in  t h e  f i e l d  o f  u l t r a h i g h  vacuum. The 
e f f e c t  was r e p o r t e d  by A c k le y ,  L o th r o p  and W h e e l e r ^  in  a p a p e r  g iv e n  
a t  t h e  1962 Vacuum Symposium. They d e m o n s t r a t e d  t h a t  t h e  anomalous 
r e a d i n g s  were  r e l a t e d  t o  t h e  c o n d i t i o n  o f  t h e  g r i d  s u r f a c e  and t h a t  t h e  
e f f e c t  c o u l d  be g r e a t l y  r e d u c e d  e i t h e r  by e l e c t r o n  bombardment  o f  t h e  
g r i d  o r  by o p e r a t i n g  t h e  gauge a t  r e l a t i v e l y  h ig h  e l e c t r o n  c u r r e n t s
( I  > 3  mA)„ R edhead11 i n d e p e n d e n t l y  r e p o r t e d  a s i m i l a r  e f f e c t  and showedO
t h a t  i t  was u n u s u a l l y  l a r g e  a f t e r  oxygen was i n t r o d u c e d  i n t o  t h e  sy s t e m .
12 13O th e r  w o rk e r s  have r e p o r t e d  r e l a t e d  o b s e r v a t i o n s .  5
J .  W. A c k le y ,  C. F .  L o th ro p  and W. R. W h e e le r ,  1962 Vacuum 
Symposium T r a n s a c t i o n s  (The M acm i l lan  Company, 1963) ,  452.
U P.  A. Redhead ,  Vacuum 12, 267 ( 1 9 6 2 ) 0 
12_ , . , ,I n  a p a p e r  which has  r e c e i v e d  l i t t l e  a t t e n t i o n  Y. Mizushima 
and Z. Oda r e p o r t e d  such  an e f f e c t  i n  1959 b u t  d i d  n o t  p u t  f o r t h  a p l a u s i b l e  
i n t e r p r e t a t i o n  (Rev. S c i .  I n s t r .  30,  1037,  1959) .
13T. E.  Hartman,  Rev.  S c i .  I n s t r .  34,  1190 ( 1 9 6 3 ) 0
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E a r l y  c o n j e c t u r e s  as t o  t h e  p h y s i c a l  p r o c e s s e s  r e s p o n s i b l e  f o r  
t h e  anomalous e f f e c t  have  b een  r e p l a c e d  by a new e x p l a n a t i o n  p u t  f o r t h  
i n d e p e n d e n t l y  by t h e  p r e s e n t  a u t h o r s 1^ and by P. A. R e d h e a d . 15 I n  t h i s  
p i c t u r e  t h e  o b s e r v e d  d i s c r e p a n c i e s  a r e  a t t r i b u t e d  t o  e l e c t r o n  impac t  
i o n i z a t i o n  o f  g a s e s  a d s o r b e d  o r  c h e m i c a l l y  bound a t  t h e  g r i d  s u r f a c e  
o f  t h e  gauge .  The p r e s e n t  p a p e r  d e s c r i b e s  e x p e r i m e n t s  which i n d i c a t e  
t h e  n a t u r e  and m agn i tude  o f  t h e  anomalous e f f e c t s ,  g i v e s  e v i d e n c e  f o r  t h e  
im pac t  i o n i z a t i o n  h y p o t h e s i s ,  and d e s c r i b e s  a u x i l i a r y  e f f e c t s  o f  s i g n i f i ­
cance  in  p r e s s u r e  m easu rem en t .
1 . 4 . 2  E x p e r i m e n t s  w i t h  t h e  Redhead M o d u la to r  Gauge and the  
Schuemann S u p p r e s s o r  G auge .
I n  h i s  o r i g i n a l  i n v e s t i g a t i o n 11 o f  t h e  anomalous e f f e c t ,  Redhead
9used  t h e  m o d u la to r  method.  A f t e r  oxygen was i n t r o d u c e d  i n t o  t h e  sy s t e m ,
he found a v e r y  l a r g e  i n c r e a s e  i n  t h e  s o - c a l l e d  " r e s i d u a l  c u r r e n t , "  i  .r
Such a l a r g e  i n c r e a s e  in  i^  c o u l d  be i n t e r p r e t e d  e i t h e r  as an i n c r e a s e  
i n  t h e  p o s i t i v e  i o n  c u r r e n t  t o  t h e  c o l l e c t o r  o r  an i n c r e a s e  in  t h e  " x - r a y "  
o r  e l e c t r o n  c u r r e n t  f rom t h e  c o l l e c t o r .  I n  our  f i r s t  a t t e m p t s  t o  r e p r o ­
duce t h e s e  e f f e c t s  we u t i l i z e d  a m o d u l a t o r  gauge of  somewhat d i f f e r e n t  
d e s i g n  b u t  s i m i l a r  p r i n c i p l e  t o  t h a t  o f  Redhead .  As was t r u e  f o r  a l l  
gauges  used  in  our  e x p e r i m e n t s ,  t h e  g r i d  m a t e r i a l  was molybdenum. With 
oxygen p r e s e n t  and unde r  c o n d i t i o n s  in  which we e x p e c t e d  t o  o b s e r v e  a 
s u b s t a n t i a l  i n c r e a s e  in  i  we a c t u a l l y  found a d e c r e a s e .  I n  f a c t ,  a
14D. A l p e r t ,  P h y s i c s  Today 16_, 23 (1963)  0 
15P.  A. Redhead ,  Vacuum 13_, 253 (1963)  „
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n e g a t i v e  " r e s i d u a l  c u r r e n t "  was o b s e r v e d .  T h a t  i s ,  when t h e  m o d u la to r  
e l e c t r o d e  was made more n e g a t i v e  i n  v o l t a g e ,  t h e  c u r r e n t  t o  t h e  c o l l e c t o r  
a c t u a l l y  i n c r e a s e d !  F u r t h e r m o r e ,  i t  was o b s e r v e d  t h a t  t h e  sum o f  t h e  
c u r r e n t s  t o  t h e  c o l l e c t o r  and t o  t h e  m o d u l a t o r  i n c r e a s e d  when t h e  p o t e n ­
t i a l  o f  t h e  m o d u l a t o r  was made more n e g a t i v e .
These  u n e x p e c t e d  r e s u l t s  w i t h  t h e  m o d u l a t o r  gauge have n o t  been  
p u r s u e d  i n  d e t a i l .  They a r e  r e p o r t e d  h e r e  b e c a u s e  t h e y  l e d  t o  some 
i n t e r e s t i n g  c o n c l u s i o n s .  F i r s t ,  t h e  m o d u l a t o r  method i t s e l f  i s  n o t  
f u l l y  u n d e r s t o o d  u n d e r  such c o n d i t i o n s  and may g i v e  m i s l e a d i n g  r e s u l t s .  
Second ,  t h e s e  r e s u l t s  s u g g e s t e d  t h a t  i n  t h e  p r e s e n c e  o f  oxygen,  t h e  c o l ­
l e c t i o n  e f f i c i e n c y  o f  t h e  B a y a r d - A l p e r t  gauge m igh t  v a r y  i n  an u n e x p e c t e d  
way as a f u n c t i o n  o f  t h e  p o t e n t i a l  o f  t h e  io n  c o l l e c t o r .  T h i r d ,  i t  seemed 
d e s i r a b l e  t o  s t u d y  t h e  e f f e c t  w i t h  a Schuemann s u p p r e s s o r  g a u g e ,^  which 
unam biguous ly  d i s t i n g u i s h e s  be tween  io n s  a r r i v i n g  a t  t h e  c o l l e c t o r  and 
e l e c t r o n s  l e a v i n g  i t .
The r e s u l t s  w i t h  t h e  Schuemann gauge a r e  shown i n  F i g .  1 . 1 0 .
-8S h o r t l y  a f t e r  oxygen was i n t r o d u c e d  and m a i n t a i n e d  a t  a p p r o x i m a t e l y  10 
T o r r  in  a p r e v i o u s l y  o u t g a s s e d  s y s t e m ,  t h e  s u p p r e s s o r  gauge gave i n d i c a ­
t i o n s  o f  anomalous r e a d i n g s  com parab le  t o  t h o s e  in  a B a y a r d - A l p e r t  gauge 
when i t  was o p e r a t e d  a t  low e m i s s i o n  c u r r e n t s .  I t  was o b s e r v e d  t h a t  
b o th  t h e  ion  and e l e c t r o n  components  o f  t h e  c u r r e n t  r o s e  s h a r p l y ,  b u t  
t h a t  t h e  ion  component  was a t  l e a s t  10 t o  20 t im e s  h i g h e r  t h a n  t h e  e l e c ­
t r o n  component ,  and a p p r o x i m a t e l y  10 t im e s  h i g h e r  t h a n  t h a t  g i v e n  by a 
m o n i to r  gauge on t h e  s y s t e m .  S i n c e  most  o f  t h e  e l e c t r o n s  c o u l d  be a c c o u n t e d
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Fig» 1 ,1 0 .  Anomalous Ion  and E l e c t r o n  C u r r e n t s  in  a S u p p r e s s o r  Gauge 
Exposed t o  Oxygen
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16f o r  as  due t o  s e c o n d a r y  e j e c t i o n  by t h e  im p in g in g  i o n s s i t  was e v i d e n t  
t h a t  t h e  p r im a r y  component  i n  t h e  enhanced  o r  anomalous r e a d i n g  was due 
t o  io n s  a r r i v i n g  a t  t h e  c o l l e c t o r „ These  r e s u l t s  im m e d ia t e ly  s u g g e s t e d  
t h e  new i n t e r p r e t a t i o n  o f  t h e  anomalous e f f e c t  ba sed  on t h e  p r o d u c t i o n  
o f  i o n s  by e l e c t r o n  impac t  a t  t h e  s u r f a c e  o f  t h e  g r id *
1 . 4 . 3  Ev i d e n c e f o r  t h e  S u r f a c e  Impac t ; S 1 S
To g a i n  f u r t h e r  i n s i g h t  i n t o  t h e  n a t u r e  o f  t h e  anomalous b e ­
h a v i o r  3 an e x p e r i m e n t  was c a r r i e d  o u t  t o  measu re  t h e  c o l l e c t i o n  e f f i c i e n c y  
of  a s i n g l e  c o l l e c t o r  B a y a r d - A l p e r t  gauge as a f u n c t i o n  o f  c o l l e c t o r  
v o l t a g e .  For  g ases  which  do n o t  e x h i b i t  t h e  e f f e c t  (n o b l e  g a s e s ,  n i t r o ­
g e n ,  e t c . ) ,  t h e  ion  c u r r e n t  t o  t h e  c o l l e c t o r ,  I  , i s  a t t r i b u t a b l e  t oc
ions  formed w i t h i n  t h e  g r i d  s t r u c t u r e  o f  t h e  gauge .  1 i s  e x p e c t e d  t o
be a s lo w ly  v a r y i n g  f u n c t i o n  o f  v o l t a g e  a p p l i e d  t o  t h e  c o l l e c t o r ,  V , onc
t h e  b a s i s  o f  t h e  f o l l o w i n g  a rg u m e n t .  I n  view o f  t h e  e l e c t r i c a l  p o t e n t i a l
w e l l  formed by the  n e g a t i v e  c o l l e c t o r  w i t h i n  t h e  p o s i t i v e l y  c h a r g e d  g r i d ,
t h e r e  i s  a h i g h  p r o b a b i l i t y  t h a t  a g i v e n  ion  w i l l  u l t i m a t e l y  s t r i k e  t h e
c o l l e c t o r  even i f  i t  m i s s e s  t h e  c o l l e c t o r  many t im e s  in  t h e  c o u r s e  o f  an
o s c i l l a t o r y  t r a j e c t o r y .  Hence t h e  c u r v e  o f  c o l l e c t o r  c u r r e n t  v e r s u s  t h e
c o l l e c t o r  v o l t a g e  n o r m a l l y  s a t u r a t e s  a t  a v a l u e  o f  a p p r o x i m a t e l y  150 t o
200 v o l t s .  I  f a l l s  o f f  a t  somewhat more n e g a t i v e  v a l u e s  o f  c o l l e c t o r  c
v o l t a g e  due t o  t h e  i n c r e a s i n g  r e p u l s i o n  o f  t h e  i o n i z i n g  e l e c t r o n s  and a 
c o r r e s p o n d i n g  r e d u c t i o n  o f  t h e  volume where ions  a r e  formed.
F.  M. P r o p s t 9 "A S tudy  o f  t h e  E j e c t i o n  o f  E l e c t r o n s  f rom t h e  
S u r f a c e  of  T un g s ten  by Low Ene rgy  I o n s , "  Ph.D.  t h e s i s ,  U n i v e r s i t y  of  
I l l i n o i s ,  1963.
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E x p e r i m e n t a l  d a t a  f o r  n i t r o g e n  a r e  shown in  t h e  dashed  c u r v e s
o f  F i g u r e  1 . 1 1 ;  t h e  lower  c u r v e  f o r  I  = 10 mA, t h e  uppe r  f o r  I  = 0 . 1  mAg g
The p o t e n t i a l s  o f  t h e  f i l a m e n t  and g r i d  were m a i n t a i n e d  a t  t h e i r  normal  
o p e r a t i n g  v a l u e s  of  +45 v and +180 v .  The c o l l e c t o r  p o t e n t i a l  was v a r i e d  
as shown t o  n e g a t i v e  v a l u e s .  The a b s c i s s a  g i v e s  t h e  p o t e n t i a l  d i f f e r e n c e  
b e tw een  c o l l e c t o r  and g r i d .  I t  i s  s e e n  t h a t  t h e  e x p e r i m e n t a l  r e s u l t s  
v e r i f y  t h e  e x p e c t e d  b e h a v i o r .
I n  t h e  p r e s e n c e  of  oxygen ,  a s u b s t a n t i a l l y  d i f f e r e n t  dependence
o f  ion  c o l l e c t o r  c u r r e n t  on c o l l e c t o r  v o l t a g e  was o b s e r v e d .  As shown in
t h e  s o l i d  c u r v e s ,  t h e  dependence  o f  io n  c u r r e n t  on c o l l e c t o r  v o l t a g e
d i f f e r s  m arked ly  f o r  d i f f e r e n t  v a l u e s  o f  e l e c t r o n  c u r r e n t :  f o r  I  = 10 mAg
t h e  sh ape  o f  t h e  c u r v e  i s  s i m i l a r  t o  t h o s e  f o r  n i t r o g e n ,  w hereas  f o r  
I  = 0 . 1  mA t h e r e  i s  a s h a r p  i n c r e a s e  o f  t h e  c o l l e c t o r  c u r r e n t  w i t h  c o l «O
l e c t o r  v o l t a g e .  Our i n t e r p r e t a t i o n  o f  t h e  above b e h a v i o r  i s  as f o l l o w s .
1  - IWhen oxygen i s  p r e s e n t ,  many io n s  a r e  formed by e l e c t r o n  impact  o f  t h e  
ch e m iso rb e d  gas  on t h e  g r i d  o f  t h e  i o n i z a t i o n  gauge .  Such ions  a r e  formed 
a t  t h e  v e r y  edge o f  t h e  p o t e n t i a l  w e l l .  I f  one o f  t h e s e  ions  m i s s e s  
t h e  c o l l e c t o r  on i t s  f i r s t  t r a j e c t o r y  t h r o u g h  t h e  gauge i t  has  a v e r y  
h ig h  p r o b a b i l i t y  o f  em erg ing  on t h e  o p p o s i t e  s i d e  and t h e n  b e i n g  c a p t u r e d  
a t  t h e  n e g a t i v e l y  c h a r g e d  e n v e l o p e  o f  t h e  gauge .  I f  t h e  ions  a r e  e j e c t e d  
from t h e  s u r f a c e  w i t h  an i n i t i a l  k i n e t i c  e n e r g y ,  t h e  p r o b a b i l i t y  of  
such e s c a p e  i s  f u r t h e r  enh an ced .  Thus t h e  c o l l e c t i o n  e f f i c i e n c y  f o r  i o n s  
formed a t  t h e  g r i d  i s  lower  t h a n  t h a t  f o r  io n s  formed i n  t h e  volume a t
17G. E. Moore,  J .  Appl .  P h y s . 32,  1241 (1 9 6 1 ) .
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Vcollector ^ gnd (volts)
F i g ,  1 .1 1 .  B a y a r d - A l p e r t  Gauge R ead ing  v s . C o l l e c t o r  V o l t a g e ,
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n o rm a l  o p e r a t i n g  v o l t a g e s . Under t h e s e  c i r c u m s t a n c e s  t h e  p r o b a b i l i t y  
o f  c a p t u r i n g  an ion  i s  i n c r e a s e d  i f  t h e  p o t e n t i a l  d i f f e r e n c e  be tween  
c o l l e c t o r  and g r i d  i s  i n c r e a s e d , ,  and goes  up r a p i d l y  w i t h  V .
I f  the  B a y a r d - A l p e r t  gauge s t r u c t u r e  i s  s u r r o u n d e d  by a 
m e t a l l i c  c y l i n d e r  a t  or  n e a r  c o l l e c t o r  p o t e n t i a l ,  t h e  c u r r e n t s  t o  t h e  
i n n e r  and o u t e r  c o l l e c t o r  ca n  be measured  and t h e  above p i c t u r e  v e r i ­
f i e d »  Such a gauge has  been  c o n s t r u c t e d  and t h e  f o l l o w i n g  r e s u l t s  o b ­
t a i n e d .  In  t h e  p r e s e n c e  o f  n i t r o g e n ,  t h e  i n n e r  c o l l e c t o r  c a p t u r e d  
a p p r o x i m a t e l y  12 p e r  c e n t  o f  t h e  t o t a l  number o f  ions  p r o d u c e d ;  t h e  
r e m a i n d e r  were  c o l l e c t e d  a t  t h e  o u t e r  c y l i n d e r .  I n  t h e  p r e s e n c e  of  
oxygen a s i m i l a r  r a t i o  was o b s e r v e d  w i t h  t h e  e m i s s i o n  c u r r e n t  t o  t h e  
g r i d  h e l d  a t  10 mA. When t h e  g r i d  c u r r e n t  was r e d u c e d  t o  0 . 1  mA, t h e  
t o t a l  number o f  io n s  p e r  e l e c t r o n  i n c r e a s e d ,  b u t  t h e  f r a c t i o n  c a p t u r e d  
a t  t h e  i n n e r  c o l l e c t o r  was r e d u c e d  t o  a p p r o x i m a t e l y  2 - 1 / 2  p e r  c e n t  o f  
t h e  t o t a l  c u r r e n t .  Thus t h e  anomalous r e d u c t i o n  in  c o l l e c t o r  e f f i c i e n c y  
i s  s e e n  t o  be c o r r e l a t e d  w i t h  t h e  enhanced  r a t e  o f  p r o d u c t i o n  o f  i o n s .
Both e f f e c t s  a r e  c o n s i s t e n t  w i t h  t h e  p i c t u r e  o f  ion  p r o d u c t i o n  a t  t h e  
g r i d  s u r f a c e .
F u r t h e r  s u p p o r t  f o r  t h e  h y p o t h e s i s  o f  s u r f a c e  i o n i z a t i o n  by 
e l e c t r o n  impac t  i s  p r o v i d e d  by o b s e r v a t i o n  o f  t h e  i o n s  p ro d u ced  in  a D av is  
and V a n d e r s l i c e  m a g n e t i c  d e f l e c t i o n  mass s p e c t r o m e t e r .  I n  t h e  p r e s e n c e  
of  oxygen ,  a l a r g e  d o u b le  peak  i s  o b s e r v e d  w i t h  one component  d i s p l a c e d  
from t h e  e x p e c t e d  mass 16 p o s i t i o n .  The m ag n i tu d e  and s e p a r a t i o n  o f  t h e
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peaks i n d i c a t e  a h i g h  p r o b a b i l i t y  o f  t h e  d i s s o c i a t i v e  i o n i z a t i o n  o f  o"^ ~ 
a t  t h e  s u r f a c e  of  t h e  i o n i z a t i o n  e n c l o s u r e . 1 8 ’ 19
l o 4 , 4  Compari son  o f  I o n i z a t i o n  Gauge R ea d in g s  in  t h e  P r e s e n c e  
o f  0 ^ and CO.
A l th o u g h  t h e  above r e s u l t s  t o g e t h e r  w i t h  t h o s e  o f  o t h e r  e x p e r i -  
m e n te r s  g iv e  good e v i d e n c e  f o r  t h e  i n t e r p r e t a t i o n  o f  t h e  e f f e c t  and a 
q u a l i t a t i v e  e s t i m a t e  o f  t h e  p o s s i b l e  e r r o r s  i n  gauge r e a d i n g s ,  we u n d e r ­
to o k  a s y s t e m a t i c  s e r i e s  o f  r u n s  u n d e r  c o n t r o l l e d  c o n d i t i o n s  t o  v e r i f y  
t h e  m ag n i tu d e  o f  t h e  e f f e c t  and i t s  dependence  on t h e  g r i d  c u r r e n t  of  
th e  g a u g e .
The s y s t e m  used  was a s t a n d a r d  g l a s s  o i l - p u m p e d ,  z e o l i t e -  
t r a p p e d  s y s t e m  w i t h  p r o v i s i o n  f o r  i n t r o d u c i n g  v a r i o u s  g a s e s .  Three  
gauges were  u t i l i z e d  and compared:  (1)  a 5966 B a y a r d - A l p e r t  gauge ,  (2) a
p h o t o c u r r e n t  s u p p r e s s o r  ga u g e ,  and (3)  a P h i l i p s  o m e g a t r o n . 20 The c o n ­
d u c t a n c e  be tween  t h e  gauges was a p p r o x i m a t e l y  1 .5  l  / s „ The omega t ron was 
used  as a m o n i to r  o f  t h e  p r e s s u r e ;  i t  e x h i b i t e d  no anomalous e f f e c t s  and 
gave a r e l i a b l e  i n d i c a t i o n  o f  t h e  p a r t i a l  p r e s s u r e s  o f  t h e  g a s e s  in  t h e  
s y s te m .
The r e s u l t s  o f  a s e r i e s  o f  r u n s  i s  shown in  F i g u r e  1 ,1 2 .  A f t e r  
a b a k e o u t  o f  t h e  s y s t e m  and o u t g a s s i n g  o f  t h e  gauge (background  g a s ,
18See a l s o  W. D. D av is  (1962 Vacuum Symposium T r a n s a c t i o n s ) .
19 J» L . Rob ins  ( p r i v a t e  com m unica t ion)  has  a l s o  made a d e t a i l e d  
s t u d y  o f  t h e  anomalous C)16 peak  in  a Davis  and V a n d e r s l i c e  i n s t r u m e n t .
20A. K l o p f e r  and W. S c h m id t ,  Vacuum 1£, 363 (1 9 6 0 ) .
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Fig„  1 .1 2 ,  E f f e c t  o f  G r id  C u r r e n t  on t h e  P r e s s u r e  Measurement  o f  Oxygen
( I  v a r i e d  i n  B a y a r d - A l p e r t  G a u g e )0 §
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m a in ly  CO a t  7X10 T o r r )  oxygen was i n t r o d u c e d  i n t o  t h e  s y s t e m  a t  t ime  
t  = 0o The oxygen was c o n t i n u o u s l y  f lowed t h r o u g h  t h e  s y s t e m  f o r  35 
m in u te s  and m a i n t a i n e d  a t  a p r e s s u r e  o f  10_7 T o r r  as r e a d  on t h e  omega- 
t r o n .  Then t h e  0 ^  v a l v e  was c l o s e d .  I n  t h e  c a s e  shown,  one o f  t h e  two 
i o n i z a t i o n  g a u g e s ,  i n  t h i s  c a s e  t h e  s u p p r e s s o r  gauge ( S I G ) , was m a in ­
t a i n e d  a t  10 mA w h i l e  t h e  o t h e r ,  t h e  B a y a r d - A l p e r t  gauge (BAG) was r u n  
a t  an e m i s s i o n  c u r r e n t  o f  0 , 1  mA. As w i l l  be shown in  t h e  n e x t  s e r i e s  
o f  r u n s ,  i n t e r c h a n g e  o f  t h e  c u r r e n t s  in  t h e  two gauges showed t h a t  t h e y  
behaved  i n  a s i m i l a r  manner ;  h ence  t h e  i m p o r t a n t  p a r a m e t e r  t o  be o b s e r v e d  
h e r e  i s  t h e  e l e c t r o n  e m i s s i o n  c u r r e n t .  The f o l l o w i n g  s i g n i f i c a n t  f e a t u r e s  
were  n o t e d :
(1 )  A l th o u g h  pu re  0^ was b e i n g  i n t r o d u c e d  i n t o  t h e  s y s t e m ,  
t h e r e  was a v e r y  l a r g e  r a t e  o f  p r o d u c t i o n  o f  CO in  t h e  
p r e s e n c e  o f  oxygen .  D u r in g  t h e  i n i t i a l  p e r i o d  b o t h  ion  
gauges were  i n  e r r o r ,  a p p a r e n t l y  due t o  t h e  l a r g e  pumping 
sp eed  o f  t h e  gauges f o r  0 2 and CO, as w e l l  as t o  t h e  
s u r f a c e  e f f e c t .  The pumping sp e e d s  f o r  t h e s e  g a s e s  was 
e v i d e n t l y  l a r g e  compared t o  t h e  c o n d u c ta n c e  be tween  t h e  
g a u g e s .
(2)  When t h e  0 ^  v a l v e  was c l o s e d ,  t h e  oxygen peak  as r e a d  on 
th e  om ega t ron  f e l l  t o  l e s s  t h a n  10~10 T o r r  in  a few s e c o n d s .  
The p re d o m in a n t  r e s i d u a l  gas  r e m a i n i n g  t h e r e a f t e r  was CO, 
which was g r a d u a l l y  removed b u t  a t  a r a t e  f a r  s l o w e r  t h a n  
t h e  c h a r a c t e r i s t i c  pumping t ime  f o r  t h e  sy s te m .
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(3)  In  t h e  p e r i o d  f o l l o w i n g  t h e  rem ova l  o f  t h e  gauge o p e r a t i n g  
a t  10 mA app ro a c h e d  t h e  om ega t ron  r e a d i n g  w i t h i n  a few 
m in u te s  and r e a d  p r e s s u r e  c o r r e c t l y  t h e r e a f t e r „
(4)  I n  t h e  same p e r i o d ,  t h e  gauge o p e r a t i n g  a t  0 . 1  mA d e p a r t e d  
s i g n i f i c a n t l y  f rom t h e  " t r u e "  p r e s s u r e  as r e a d  on t h e  
omegatron  and t h e  SIG„ The maximum e r r o r  o b s e r v e d  was a t  
l e a s t  an o r d e r  o f  m ag n i tu d e  on t h e  h ig h  s i d e .
F i g u r e  1„13 shows t h e  r e s u l t s  o f  a s i m i l a r  s e r i e s  o f  r u n s  f o r
f i v e  d i f f e r e n t  v a l u e s  o f  e m i s s i o n  c u r r e n t .  I n  t h e s e  r u n s  t h e  BAG was
o p e r a t e d  a t  10 mA and t h e  SIG a t  v a l u e s  of  10, 3 ,  1, 0 . 1  and 0 .0 1  mA,
To s i m p l i f y  t h e  d r a w in g ,  o n ly  t h e  c u r v e s  f o r  I  = 0 .1  mA a r e  shown f o rg
t h e  i n i t i a l  i n t e r v a l  d u r i n g  which oxygen was p r e s e n t .
From t h e s e  c u r v e s  t h e  f o l l o w i n g  o b s e r v a t i o n s  can  be made:
(1 )  There  i s  a monoton ic  i n c r e a s e  in  t h e  s i z e  o f  t h e  anomalous
e f f e c t  w i t h  d e c r e a s i n g  e l e c t r o n  g r i d  c u r r e n t ,  F o r  I  = 10g
mA, t h e  e r r o r  i n  p r e s s u r e  r e a d i n g  i s  s m a l l  and d i s a p p e a r s
w i t h i n  a few m i n u t e s ;  f o r  I  < 0 . 1  mA, t h e  e r r o r  i s  l a r g e .§
(2)  The s i z e  of  t h e  e f f e c t  d e c r e a s e s  w i t h  t ime  f o r  a l l  v a l u e s  
of  I  a l t h o u g h  t h e  change  i s  n o t  p e r c e p t i b l e  f o r  t h eO
s m a l l e s t  v a l u e  o f  1 . The t ime  c o n s t a n t  f o r  t h e  decay 
o f  t h e  e f f e c t  v a r i e s  a p p r o x i m a t e l y  i n v e r s e l y  w i t h  t h e  
e l e c t r o n  c u r r e n t .
F i g u r e  1 .14  shows r e s u l t s  f o r  CO s i m i l a r  t o  t h o s e  above f o r
oxygen.  No te  t h a t  t h e  e f f e c t  i s  s i g n i f i c a n t l y  s m a l l e r .  For  I  = 0 .1  mAg
t h e  maximum e r r o r  i n  t h e  r e a d i n g  o f  t h e  gauge i s  l e s s  t h a n  a f a c t o r  o f
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F i g ,  1 , 1 4 .  E f f e c t  o f  G r id  C u r r e n t  on P r e s s u r e  Measurement  o f  Carbon 
Monoxide ( I  v a r i e d  i n  B a y a r d - A l p e r t  Gauge) .
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four»  T h i s  r e s u l t  i s  r a t h e r  s u r p r i s i n g  i n  vi ew o f  t h e  l a r g e  c r o s s  s e c t i o n  
f o r  i o n i z a t i o n  r e p o r t e d  by Moore,  and f u r t h e r  s t u d y  o f  CO i s  c a l l e d  f o r .  
A n o th e r  f e a t u r e  o f  t h e s e  c u r v e s  i s  t h e  l a r g e  d e p a r t u r e  o f  t h e  r e a d i n g s  
o f  b o t h  gauges f rom t h e  om ega t ron  r e a d i n g s  in  t h e  e a r l y  p a r t  o f  t h e  r u n s .  
T h i s  i s  a t t r i b u t a b l e  t o  a l a r g e  pumping sp eed  o f  each  gauge f o r  CO and 
e x p l a i n s  i n  p a r t  t h e  s i m i l a r  c u r v e s  i n  F i g u r e  1 .1 2 .
W hi le  s i g n i f i c a n t  q u a l i t a t i v e  c o n c l u s i o n s  f rom t h e s e  r e s u l t s  
can be made,  a q u a n t i t a t i v e  a n a l y s i s  o f  t h e  dependence  o f  t h e  t ime  c o n ­
s t a n t s  a w a i t s  f u r t h e r  e x p e r i m e n t a t i o n .  Such an a n a l y s i s  i s  d i f f i c u l t  i n  
t h e  c a s e  o f  oxygen b e c a u s e  w i t h i n  a s h o r t  p e r i o d  o f  t im e  a v e r y  l a r g e  
f r a c t i o n  o f  t h i s  gas  was c o n v e r t e d  i n t o  CO and t h e  e f f e c t s  o f  t h e  two 
g a s e s  were  n o t  r e a d i l y  s e p a r a t e d .  T h i s  r e s u l t  i s  i n  i t s e l f  wor thy  of  
c a r e f u l  n o t e .  F u r t h e r  o b s e r v a t i o n s  which a r e  n o t  r e p o r t e d  h e r e  showed 
t h a t  w h i l e  t h e  h o t  t u n g s t e n  f i l a m e n t  i s  r e s p o n s i b l e  f o r  a s i z e a b l e  f r a c ­
t i o n  o f  t h e  c o n v e r s i o n  o f  oxygen t o  c a r b o n  monoxide ,  o t h e r  p h y s i c o ­
c h e m i c a l  p r o c e s s e s  may be even  more s i g n i f i c a n t .  A p r e l i m i n a r y  e x p e r i ­
ment d e m o n s t r a t e d  t h a t  oxygen i s  a l s o  c o n v e r t e d  i n t o  CO in  a p r o c e s s  
which i n v o l v e s  t h e  e l e c t r o n  bombardment  o f  a d s o r b e d  gas a t  t h e  s u r f a c e  
o f  t h e  g r i d .  T h i s  c o u l d  r e s u l t  f rom t h e  c h e m i c a l  r e c o m b i n a t i o n  w i t h  
c a rb o n  o f  a to m ic  oxygen r e l e a s e d  a t  t h e  g r i d .
1 . 4 . 5  Mechanism o f  S u r f a c e  I o n i z a t i o n  and Gas Removal.  A 
d e t a i l e d  q u a n t i t a t i v e  p i c t u r e  f o r  t h e  e l e c t r o n  im pac t  i o n i z a t i o n  p r o c e s s  
i s  n o t  e a s y  t o  a r r i v e  a t  s i n c e  i t  must  v a r y  w i t h  t h e  c o m p o s i t i o n  o f  t h e  
gas and w i t h  t h e  g r i d  s u r f a c e  o f  t h e  gauge .  The o b s e r v a t i o n  o f  a l a r g e  0+
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peak  in  t h e  p r e s e n c e  o f  oxygen i s  s u g g e s t i v e  o f  a p r o c e s s  o f  d i s s o c i a t i v e  
i o n i z a t i o n  o f  t h e  a d s o r b e d  g a s e s  as s t u d i e d  by Moore f o r  CO in  molybdenum0 
I n  f a c t ,  Moore o b s e r v e d  a l a r g e  0+ p eak  in  t h e  p r e s e n c e  o f  0 ^ °  He meas­
u re d  a c r o s s - s e c t i o n  f o r  t h e  p r o c e s s  as h i g h  as  10 ^ i o n s  p e r  i n c i d e n t  
e l e c t r o n  f o r  o x y g e n - c o v e r e d  molybdenum« Redhead"^  has  measured  a maximum 
c r o s s  s e c t i o n  o f  a b o u t  10 ^ i o n s / e l e c t r o n s  f o r  0^ on molybdenum and has  
p ro p o s e d  t h a t  i n  a d d i t i o n  t o  t h e  r e l e a s e  o f  0+ io n s  a l a r g e  q u a n t i t y  o f  
n e u t r a l  oxygen atoms i s  a l s o  d e s o r b e d  by e l e c t r o n  bombardment .  I n  t y p i ­
c a l  vacuum s y s t e m s ,  however ,  m o l e c u l a r  oxygen i s  one o f  t h e  l e a s t  l i k e l y  
components  o f  t h e  r e s i d u a l  g a s .  I t  i s  t h e r e f o r e  l i k e l y  t h a t  o t h e r  
a d s o r b e d  or  c h e m i c a l l y  bound g a s e s  p l a y  a c o n t r i b u t i n g  r o l e .  For  exam ple ,  
t h e  m e t a l l i c  o x i d e s  formed on t h e  s u r f a c e  o f  t h e  g r i d  may a l s o  be d i s s o ­
c i a t e d  and i o n i z e d  by e l e c t r o n  bombardment  t o  g iv e  a major  e f f e c t ,
21 -5 Young measu red  maximum i o n i z a t i o n  e f f i c i e n c i e s  o f  10 i o n s / e l e c t r o n s
( a l s o  0’®') f o r  90 eV e l e c t r o n s  im p in g in g  on o x i d i z e d  s u r f a c e s  o f  c o p p e r ,  
n i c k e l ,  molybdenum, and t u n g s t e n .  T h i s  p r o c e s s  may t h e r e f o r e  be a s i g ­
n i f i c a n t  f a c t o r  in  t h e  h ig h  r e a d i n g s  o b s e r v e d  i n  an i o n i z a t i o n  gauge 
im m e d ia t e ly  f o l l o w i n g  b a k e o u t  o f  t h e  vacuum s y s t e m  b u t  b e f o r e  o u t g a s s i n g  
t h e  g a u g e ,
As was i n d i c a t e d  in  F i g u r e s  1 , 1 2 - 1 . 1 4 ,  t h e  anomalous p r o d u c t i o n  
o f  i o n s  a t  t h e  s u r f a c e  i s  d e c r e a s e d  i n  t h e  p r o c e s s  o f  m e a s u r in g  i t ,  due 
t o  t h e  e l e c t r o n  impac t  r em o v a l  o f  t h e  a d s o r b e d  or  c h e m i c a l l y  bound g a s e s .  
The e f f e c t  may be more r a p i d l y  r e d u c e d  t o  a n e g l i g i b l e  v a l u e  by t h o r o u g h l y
21J .  R. Young,  J .  A p p l . P hys .  31,  921 (1960)„
47
o u t g a s s i n g  t h e  g r i d  by e l e c t r o n  bombardment« T h e r e a f t e r ,  t h e  o n s e t  o f
e r r o n e o u s  r e a d i n g s  can be p r e v e n t e d  by o p e r a t i n g  t h e  gauge a t  s u f f i c i e n t l y
h ig h  e l e c t r o n  c u r r e n t s ,  t h e  minimum c u r r e n t  d e p e n d in g  on t h e  amount and
c o m p o s i t i o n  o f  t h e  b ack g ro u n d  gas i n  t h e  system« For  t y p i c a l  u l t r a h i g h  
, .  . -9vacuum c o n d i t i o n s  a t  10 T o r r  o r  l o w e r ,  no anomalous e f f e c t s  have been  
r e p o r t e d  when gauges a r e  o p e r a t e d  a t  v a l u e s  o f  I  o f  5 mA o r  g r e a t e r «
1«4«6 Summary and C o n c l u s i o n s «
1. A s y s t e m a t i c  s t u d y  o f  an anomalous n o n - l i n e a r i t y  i n  i o n i z a t i o n  gauges 
has  been  made, i n d i c a t i n g  t h e  m agn i tude  o f  p o s s i b l e  e r r o r s  i n  i o n i z a t i o n  
gauge r e a d i n g s «  The e r r o r s  a r e  p a r t i c u l a r l y  enhanced  a f t e r  oxygen has  
been i n t r o d u c e d  i n t o  t h e  s y s t e m .
2.  E v id e n c e  has  been  p r o v i d e d  f o r  t h e  i n t e r p r e t a t i o n  o f  t h e  e f f e c t  as 
due t o  d i s s o c i a t i v e  i o n i z a t i o n  by e l e c t r o n  im pac t  a t  t h e  g r i d  s u r f a c e .
At low v a l u e s  o f  g r i d  c u r r e n t ,  t h e r e  i s  an enhanced  r a t e  o f  p r o d u c t i o n  
o f  such ions  accompanied  by a r e d u c e d  r a t e  o f  c o l l e c t i o n  i n  a B ay a rd -  
A l p e r t  gauge .
3.  The anomalous r e a d i n g s  i n  i o n i z a t i o n  gauges can  be g r e a t l y  r e d u c e d  
by th o ro u g h  o u t g a s s i n g  o f  t h e  g r i d  by e l e c t r o n  bombardment .  T h e r e a f t e r ,  
o p e r a t i o n  a t  e l e c t r o n  c u r r e n t s  o f  5 mA o r  g r e a t e r  g i v e s  r e l i a b l e  r e a d i n g s .
4 .  I n  t h e  p r e s e n c e  o f  0^ a number o f  o t h e r  e f f e c t s  may be p r e s e n t  t o  
g i v e  e r r o n e o u s  i o n i z a t i o n  gauge r e a d i n g s ;  i n  p a r t i c u l a r ,  t h e  c o m p o s i t i o n  
o f  t h e  gas may be a l t e r e d ,  b o t h  by c h e m i c a l  r e a c t i o n s  a t  t h e  h o t  f i l a m e n t
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and by e l e c t r o n  bombardment  o f  a d s o r b e d  g a s e s .  A d d i t i o n a l  r e c e n t  i n f o r m a ­
t i o n  on t o  CO c o n v e r s i o n  i s  g i v e n  in  S e c t i o n  5.
5 .  S t u d i e s  o f  t h e s e  e f f e c t s  have b r o u g h t  v a l u a b l e  i n s i g h t  i n t o  v e r y  
i n t e r e s t i n g  p h y s i c a l  and c h e m i c a l  p r o c e s s e s  which  t a k e  p l a c e  n o t  on ly  
i o n i z a t i o n  gauges and mass s p e c t r o m e t e r s ,  b u t  w h e r e v e r  e l e c t r o n s  a r e  
i n c i d e n t  on s o l i d  s u r f a c e s .
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1 °5 An E v a l u a t i o n  o f  Th in  F i l m  E l e c t r o n  S o u rc e s  f o r  Use i n  I o n i z a t i o nGauges
The p r e s e n c e  o f  a t h e r m i o n i c  c a t h o d e  in  mass s p e c t r o m e t e r s  
and io n  gauges f r e q u e n t l y  a l t e r s  t h e  i d e n t i t y  o f  t h e  g a s e s  measu red  by 
t h e s e  i n s t r u m e n t s . A s im p le  and r o b u s t  c o l d  e l e c t r o n  s o u r c e  i n e r t  w i t h  
r e s p e c t  t o  i t s  s u r r o u n d i n g s  would be v e r y  d e s i r a b l e »  When Mead s u g ­
g e s t e d  t h e  use  o f  t h i n  f i l m  m u l t i - l a y e r  d e v i c e s  as e l e c t r o n  s o u r c e s ,  i t  
l ooked  as though  a s o l u t i o n  o f  t h i s  p ro b le m  m igh t  be a t  hand ,  A s u i t a b l e  
s o u r c e  f o r  u se  in  modern vacuum t e c h n i q u e s  s h o u l d  n o t  be damaged by 
b a k e o u t  a t  t e m p e r a t u r e s  up t o  a t  l e a s t  400°C,  no r  sh o u ld  i t  c o n t r i b u t e  
" d i r t "  t o  t h e  s y s t e m  a t  t h e s e  t e m p e r a t u r e s .  For  many a p p l i c a t i o n s  a 
l o n g ,  s t a b l e  l i f e  would be a n e c e s s i t y .
Mead s o u r c e s  a r e  t h r e e - l a y e r  d e v i c e s  c o n s i s t i n g  o f  an e v a p o ­
r a t e d  m e t a l  b a s e ,  a t h i n  i n s u l a t i n g  f i l m  a few hundred  angs t rom s  t h i c k ,  
and a t h i n  c o v e r i n g  m e t a l  f i l m  o p e r a t e d  a few v o l t s  p o s i t i v e  w i t h  
r e s p e c t  t o  t h e  b a s e .  I n i t i a l  a t t e m p t s  t o  f a b r i c a t e  such  s o u r c e s  i n  t h e  
C o o r d i n a t e d  S c i e n c e  L a b o r a t o r y  were  s u c c e s s f u l  t o  t h e  e x t e n t  t h a t  e l e c ­
t r o n  e m i s s i o n  was o b s e r v e d .  The u s u a l  m a t e r i a l s  o f  t h e  sandwich  were 
a luminum-a luminum o x i d e - g o l d ,  a l t h o u g h  t i n  o x i d e  was a l s o  used  w i t h
s e v e r a l  m e t a l s .  I t  s h o u l d  be n o t e d  t h a t  a t  t h e  i n s u l a t o r  t h i c k n e s s e s
23used  in  t h i s  l a b o r a t o r y  and a l s o  f o r  t h o s e  u sed  by H ickm ot t  and o t h e r s ,
22C. A. Mead, J .  A ppl .  P h y s . 32,  646 (1 9 6 1 ) .
23T. W. H i c k m o t t ,  J .  A ppl .  P hys .  33,  2669 ( 1 9 6 2 ) .
c u r -t h e  s p a c i n g  be tween  t h e  m e t a l  l a y e r s  i s  so g r e a t  t h a t  t h e  " d i o d e "  
r e n t  i n  t h e  i n s u l a t o r  i s  n o t  t h e  r e s u l t  o f  quantum m e c h a n i c a l  t u n n e l i n g «  
T h e r e f o r e ,  t h e  f r e q u e n t l y  u sed  name, " t u n n e l  c a t h o d e , "  f o r  a s o u r c e  o f  
t h e  p r e s e n t  t y p e  i s  a misnomer ,  u n l e s s  t h e  i n s u l a t o r  i s  l e s s  t h a n  ab o u t  
50 X th i c k »  The c o n d u c t i o n  p r o c e s s  i n  t h e  t h i c k e r  f i l m s  i s  c o m p l i c a t e d  
and n o t  w e l l  un d e r s to o d »
E l e c t r o n  e m i s s i o n  c u r r e n t s  up t o  s e v e r a l  m ic roam peres  were
o b s e r v e d  in  samples  p r e p a r e d  un d e r  t h e  p r e s e n t  c o n t r a c t »  The o p e r a t i o n
o f  a s o u r c e  a t  such c u r r e n t s  gave a t  b e s t  f r a c t i o n a l - h o u r  l i f e .  I n
f a c t ,  m e re ly  b r i n g i n g  t h e  d e v i c e  t o  o p e r a t i n g  v o l t a g e  ( a b o u t  10-12 v o l t s )
c a u s e d  i r r e v e r s i b l e  changes  i n  t h e  d i o d e  c o n d u c t i v i t y  o f  t h e  sample»
The e m i s s i o n  c u r r e n t  f o r  a l l  s am ples  o f  any m a t e r i a l s  t r i e d  was " n o i s y » "
2A s o u r c e  o f  a few mm a r e a  was p l a c e d  s e v e r a l  c e n t i m e t e r s  f rom a 
p h o sp h o r  s c r e e n  t o  p e r m i t  e x am in in g  a m a g n i f i e d  image o f  t h e  e m i s s i o n  
p a t t e r n .  Most o f  t h e  e l e c t r o n s  were found t o  o r i g i n a t e  f rom a number 
o f  s p o t s  t h a t  f l i c k e r e d  on and o f f ,  t h e  number o f  s p o t s  r e m a i n i n g  a p p r o x i  
m a t e l y  c o n s t a n t »  A sm a l l  s t e a d y  c u r r e n t  component was seen»
2 AMuch b e t t e r  c o l d  c a t h o d e s  have  been  made by CohenT Cohen 
used  c e s iu m  t o  lower  t h e  work f u n c t i o n  o f  t h e  o u t e r  m e t a l  f i l m  and t h u s  
i n c r e a s e d  t h e  e m i s s i o n  o f  h i s  s o u r c e s  by 10^» T h i s  t e c h n i q u e  c o u l d  be 
v e r y  u s e f u l  f o r  a p e r m a n e n t l y  e v a c u a t e d  t u b e ,  b u t  i t  would n o t  be a p p l i ­
c a b l e  t o  one b a k e d - o u t  o r  opened  t o  a i r  a f t e r  s e n s i t i z a t i o n ,  o r  t o  one 
o p e r a t e d  u n d e r  even m o d e ra te  p r e s s u r e s  o f  a c t i v e  gases«
24 J .  Cohen,  J .  Appi» Phys» 33,  199 ( 1 9 6 2 ) ;  Appi» Phys.  L e t t e r s  1
61 (1963)»
P e rh a p s  t h e  most  u s e f u l  e l e c t r o n  s o u r c e  c o u l d  be made by 
com bin ing  a M ead-type  c a t h o d e  w i t h  a r e s i s t a n c e  s t r i p  e l e c t r o n  m u l t i ­
p l i e r »  By o p e r a t i n g  t h e  f i l m  d e v i c e  a t  v e r y  low c u r r e n t s  i t  would be 
more r e l i a b l e ,  and a m u l t i p l i e r  c o u l d  i n c r e a s e  t h e  c u r r e n t  t o  a v a l u e  
o f  a t  l e a s t  s e v e r a l  mic roamperes«
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2 = SURFACE PHYSICS «° ADSORPTION
2 °1 A High R e s o l u t i o n  S ec o n d a ry  E m is s io n  Sp e c t r o m e t e r  f o r  S u r f a c e
R e s e a rc h
2 . 1 . 1  I n t r o d u c t i o n . Seco n d a ry  e m i s s i o n  has  been  t h e  o b j e c t  
o f  a g r e a t  d e a l  o f  s t u d y  s i n c e  i t s  d i s c o v e r y  a round  t h e  t u r n  o f  t h e  c e n ­
t u r y -  A l though  o f  g r e a t  p r a c t i c a l  i m p o r t a n c e ,  t h i s  work has  n o t  c o n t r i b u t e d  
g r e a t l y  t o  o u r  u n d e r s t a n d i n g  o f  t h e  s o l i d  s t a t e  o r  s u r f a c e s «  The p r im a ry  
r e a s o n s  f o r  t h i s  a r e :
a)  The l a c k  o f  c o n t r o l .
I t  was e a r l y  r e c o g n i z e d  t h a t  s e c o n d a r y  e m i s s i o n  i s  s t r o n g l y  
d e p e n d e n t  on t h e  c o n d i t i o n  o f  t h e  s u r f a c e ;  however ,  i t  has  
on ly  been  in  t h e  p a s t  few y e a r s  t h a t  t h e  t e c h n i q u e s  o f  
u l t r a h i g h  vacuum and s u r f a c e  p r e p a r a t i o n  have been  d ev e lo p e d  
t o  a d e g r e e  s u f f i c i e n t l y  s o p h i s t i c a t e d  t o  a l l o w  good c o n t r o l  
over  s u r f a c e  e x p e r im e n t s »
b) Poor r e s o l u t i o n »
T y p i c a l l y ,  s e c o n d a r y  e x p e r i m e n t s  have c o n s i s t e d  o f  a s o u r c e  
o f  e l e c t r o n s  (a  h o t  f i l a m e n t ) ,  a means f o r  f o c u s i n g  t h e s e  
o n to  a t a r g e t ,  and some ty p e  o f  a n a l y z e r  t o  d e t e r m i n e  t h e  
number and e n e rg y  d i s t r i b u t i o n  o f  t h e  e j e c t e d  e l e c t r o n s »
I n  such an a r r a n g e m e n t ,  t h e  b e s t  r e s o l u t i o n  t h a t  can  be 
a c h i e v e d  i s  e q u a l  t o  t h e  t h e r m a l  s p r e a d  o f  t h e  i n c i d e n t  
beam ( > 0» 25 e V ) .
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( c )  The l a c k  o f  s u b s t a n t i a l  t h e o r e t i c a l  s u p p o r t 0
The d i f f i c u l t y  o f  m e a n i n g f u l  c a l c u l a t i o n s  on s u r f a c e  
pro b lems has  in  g e n e r a l  made t h e  f i e l d  u n a t t r a c t i v e  t o  
t h e o r e t i c i a n s „ T here  has  been  some change  i n  t h i s  a t t i ­
tude  r e c e n t l y ,  however ,  and h o p e f u l l y  t h i s  p o s i t i v e  t r e n d  
w i l l  c o n t i n u e „
Many d i f f i c u l t i e s  have be en  s u b s t a n t i a l l y  e l i m i n a t e d  d u r i n g  
t h e  p a s t  few y e a r s ,  and i t  seems t h a t  s e c o n d a r y  e m i s s i o n  ca n  be a v e r y  
u s e f u l  t o o l  f o r  t h e  s t u d y  o f  a number o f  p r o c e s s e s .  Some o f  t h e  p o s ­
s i b i l i t i e s  w i l l  be d i s c u s s e d  b r i e f l y .
The s e c o n d a r y  e l e c t r o n s  l e a v i n g  a s u r f a c e  can  be d i v i d e d  i n t o  
two b r o a d  c l a s s e s :  t h e  p r i m a r y  e l e c t r o n s  s c a t t e r e d  ( e l a s t i c a l l y  or
i n e l a s t i c a l l y )  f rom t h e  s u r f a c e ,  and e l e c t r o n s  e x c i t e d  f rom t h e  s u r f a c e  
by t h e  p r i m a r i e s .  T h i s  c l a s s i f i c a t i o n  i s  d i f f e r e n t  f rom t h e  no rmal
" t r u e  s e c o n d a r y "  and " e l a s t i c "  d i v i s i o n .  The t r u l y  e l a s t i c a l l y  s c a t t e r e d  
e l e c t r o n s  c o n s t i t u t e  a s m a l l  p a r t  o f  t h e  t o t a l  s e c o n d a r i e s .  T h is  
e l a s t i c  p r o c e s s  i n v o l v e s  a t r a n s i t i o n  i n  which t h e  whole  l a t t i c e  t a k e s  
up t h e  momentum change  in  t h e  c o l l i s i o n ,  much i n  t h e  same manner  as in  
t h e  Mossbauer  e f f e c t .  Grouped c l o s e l y  a round  t h e s e  t r u l y  e l a s t i c a l l y  
s c a t t e r e d  e l e c t r o n s  (and w i t h  t y p i c a l  r e s o l u t i o n s  i n d i s t i n g u i s h a b l e  f rom 
t h e  e l a s t i c  c o n t e n t )  a r e  " a l m o s t "  e l a s t i c a l l y  s c a t t e r e d  e l e c t r o n s ,  i . e . ,  
e l e c t r o n s  t h a t  s c a t t e r  w i t h  t h e  e m i s s i o n  or  a d s o r p t i o n  o f  a phonon 
( v i r t u a l  o r  r e a l ) .  I t  w ou ld  be p o s s i b l e ,  t h e n ,  w i t h  a s y s t e m  o f  a d e ­
q u a t e  r e s o l u t i o n  t o  s t u d y  t h i s  second  t y p e  o f  s c a t t e r i n g  in  d e t a i l .  In  
p a r t i c u l a r ,  i t  s h o u ld  be p o s s i b l e  t o  s t u d y  t h e  e x c i t a t i o n  o f  t h e  v i b r a ­
t i o n a l  s t a t e s  o f  a d s o rb e d  gas s p e c i e  on t h e  s u r f a c e .
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I n  a d d i t i o n  t o  v i b r a t i o n a l  s t a t e s , t h e  a d s o r b e d  atoms on 
s u r f a c e s  have  e l e c t r o n i c  t r a n s i t i o n s  a v a i l a b l e  f o r  e x c i t a t i o n .  I t  i s  
f e l t  t h a t  t h e s e  t r a n s i t i o n s  can  a l s o  be d e t e c t e d  by s e c o n d a r y  e m i s s i o n  
s t u d i e s  ,
The e x c i t a t i o n  o f  plasmons by e l e c t r o n  im pac t  has  been  o b s e r v e d  
by numerous e x p e r i m e n t e r s .  I n  g e n e r a l ,  t h e  m easu rem en ts  have s u f f e r e d  
from t h e  l a c k  o f  good c o n t r o l  o f  t h e  s u r f a c e  c o n t a m i n a t i o n .  A g a in ,  an 
e x p e r i m e n t  under  good c o n t r o l  and w i t h  h i g h  r e s o l u t i o n  can  y i e l d  much 
i m p o r t a n t  i n f o r m a t i o n  c o n c e r n i n g  t h e  i n t e n s i t y  o f  t h e  pl asmon e x c i t a t i o n  
as a f u n c t i o n  o f  t h e  p r im a r y  e n e r g y ,  t h e  w i d t h  o f  t h e  pl asm a  e x c i t a t i o n  
as a f u n c t i o n  of  t h e  p r i m a r y  e n e r g y ,  and t h e  i n f l u e n c e  o f  s u r f a c e  c o v e r a g e  
and s u r f a c e  damage.
O th e r  p r o c e s s e s  which can  g i v e  r i s e  t o  d i s c r e t e  e n e rg y  l o s s e s  
a r e  t h e  e x c i t a t i o n s  o f  a) o p t i c a l  d e f e c t s ,  b)  donor  and a c c e p t o r  l e v e l s  
in  s e m i c o n d u c t o r s ,  c)  Tamm t y p e  s u r f a c e  s t a t e s ,  and d)  i n n e r  c o r e  s t a t e s .  
The o n ly  t y p e  o f  a l l  o f  t h e  above p r o c e s s e s  w hich  has  been  o b s e r v e d  and 
i d e n t i f i e d  i s  t h e  p lasmon e x c i t a t i o n .  We c a n n o t  say  a p r i o r i  which of  
t h e  mechanisms w i l l  d e f i n i t e l y  be amenable  f o r  s t u d y  by t h i s  t e c h n i q u e ;  
however ,  ov e r  t h e  e n t i r e  e n e rg y  r a n g e  a v a i l a b l e ,  i t  seems l i k e l y  t h a t  
most  o f  them can  a t  l e a s t  be o b s e r v e d ,  I n  p a r t i c u l a r ,  i f  t h e  e n e rg y  l o s s  
s p e c t r a  shows c h a r a c t e r i s t i c  s t r u c t u r e  f o r  a d s o r b e d  gas  s p e c i e ,  we w i l l  
have a v a i l a b l e  a q u a n t i t a t i v e  t o o l  f o r  t h e  s t u d y  o f  g a s - s u r f a c e  r e a c t i o n s .
A l l  o f  t h e  above mechanisms would  r e s u l t  i n  e l e c t r o n s  em an a t in g  
from t h e  s u r f a c e  w i t h  c h a r a c t e r i s t i c  e n e r g y  l o s s e s  below t h e  p r im a ry  
e n e rg y  ( t h e  f i r s t  c l a s s  o f  e l e c t r o n s )  The s econd  c l a s s  o f  e l e c t r o n s
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would a l s o  be a v a l u a b l e  s o u r c e  o f  i n f o r m a t i o n  c o n c e r n i n g  t h e  i n t e r ­
a c t i o n  o f  e l e c t r o n s  w i t h  e l e c t r o n s  and w i t h  p h o n o n s 0
T h is  i s  a b r i e f  l i s t i n g  o f  t h e  t y p e s  o f  p r o c e s s e s  which  we 
e x p e c t  t o  o b s e r v e  and s t u d y . A b r i e f  d e s c r i p t i o n  o f  t h e  i n s t r u m e n t  
c o n s t r u c t e d  f o r  t h i s  work fo l l o w s »
2„1■ 2 E x p e r i m e n t a l  A p p a r a t u s » A s c h e m a t i c  o f  t h e  a p p a r a t u s  
c o n s t r u c t e d  f o r  h i g h - r e s o l u t i o n  s t u d i e s  o f  s e c o n d a r y  e l e c t r o n  e m i s s i o n  
i s  shown in  F i g .  2 . 1 .  E l e c t r o n s  p a s s  f rom t h e  e l e c t r o n  s o u r c e  i n t o  t h e  
f i r s t  energ y  a n a l y z e r  (m onochrom ator ) ,  t h e  e l e c t r o n s  f rom t h e  monochromator  
s t r i k e  t h e  t a r g e t  and p ro d u c e  s e c o n d a r y  e l e c t r o n s »  Those s e c o n d a r i e s  
l e a v i n g  t h e  t a r g e t  a t  t h e  p r o p e r  a n g l e  e n t e r  t h e  second  a n a l y z e r  ( a n a l y z e r ) , 
which  d e t e r m i n e s  t h e  e n e rg y  d i s t r i b u t i o n  o f  t h e s e  e l e c t r o n s .  An e l e c t r o n  
m u l t i p l i e r  i s  use d  as t h e  d e t e c t o r  o f  t h e  e l e c t r o n s  l e a v i n g  t h e  a n a l y z e r ,  
and e i t h e r  an e l e c t r o m e t e r  o r  c o u n t i n g  t e c h n i q u e s  ca n  be use d  t o  m o n i to r  
t h e  o u t p u t  o f  t h e  m u l t i p l i e r .
F i g u r e  2 . 2  i s  a more d e t a i l e d  d raw ing  o f  t h e  a p p a r a t u s .  With 
t h i s  d raw ing  in  mind,  s e v e r a l  d e s i g n  c o n s i d e r a t i o n s  w i l l  be d i s c u s s e d .
S i n c e  we want  to  work a t  v e r y  low e n e r g i e s ,  i t  i s  n e c e s s a r y  t h a t  c o n s i d e r ­
a b l e  c a r e  be e x e r c i s e d  t o  m in im ize  t h e  d e l e t e r i o u s  e f f e c t s  o f  m a g n e t i c  
f i e l d s  and sp ace  c h a r g e .  To i l l u s t r a t e ,  t h e  r a d i u s  o f  c u r v a t u r e  o f  1 eV
e l e c t r o n s  i n  a 500 m i l l i g a u s s  f i e l d  i s  ab o u t  s i x  c e n t i m e t e r s ,  and an
6 3e l e c t r o n  d e n s i t y  o f  10 e l e c t r o n s / c m  changes  t h e  p o t e n t i a l  f rom t h e  
vacuum v a l u e  by 2 .2 5  v o l t s  in  one c e n t i m e t e r .
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A n a l y s e r s
T a r g e t  c h a m b e r
P i e r c e
e l e c t r o n  g u n
T a r g e t  l i f t  
b e l l o w s
E l e c t r o n  m u l t i p l i e r
\
V a c u u m  f l a n g e
F i g .  2 . 1 .  S c h e m a t i c  o f  t h e  S e conda ry  E l e c t r o n  E x p e r i m e n t ,  showing t h e  
e l e c t r o n  gun ,  t h e  a n a l y z e r s ,  and t h e  e l e c t r o n  m u l t i p l i e r  
a r r a n g e m e n t „
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2 ° 1 ° 2 . 1  M ag n e t i c  F i e l d s . C l e a r l y ,  t h e  e a r t h ' s  m a g n e t i c  
f i e l d  must  n o t  e n t e r  t h e  w o rk in g  r e g i o n .  A s h i e l d  s t r u c t u r e  c o n s i s t i n g  
o f  t h r e e  c o n c e n t r i c  boxes c o n s t r u c t e d  o f  h ig h  p e r m e a b i l i t y  CoNet ic  AA 
m a t e r i a l  p r e v e n t s  t h i s  f rom h a p p e n i n g .  C a l c u l a t i o n s ,  b a s e d  on t h e  r a d i i  
o f  c u r v a t u r e  due t o  m a g n e t i c  f i e l d s ,  show t h a t  t h e  f i e l d  i n  t h e  a p p a r a t u s  
must  be l e s s  t h a n  a few m i l l i g a u s s  f o r  one v o l t  e l e c t r o n s  t o  p a s s  th r o u g h  
t h e  a p p a r a t u s  w i t h o u t  c o n s e q u e n t i a l  p e r t u r b a t i o n .  The c a t h o d e  h e a t i n g  
c u r r e n t  g i v e s  r i s e  t o  a m a g n e t i c  f i e l d  i n  an e x t r e m e l y  c r i t i c a l  r e g i o n ,  
s i n c e  t h e  e n e rg y  o f  t h e  e l e c t r o n s  i s  v e r y  low n e a r  t h e  c a t h o d e .  F i g u r e  2 .3  
shows f i e l d  v e r s u s  d i s t a n c e  f o r  a s i n g l e  w i r e  and a d i p o l e  w i r e  each  
c a r r y i n g  0 . 1  ampere.  An i n d i r e c t l y  h e a t e d  c a t h o d e  w i t h  a t w e l v e - p o l e  
h e a t e r  i s  u s e d .  The f i e l d  f rom t h i s  h e a t e r  d ro p s  o f f  much more r a p i d l y  
t h a n  t h a t  o f  t h e  d i p o l e .
2 . 1 . 2 . 2  Space  C h a r g e . We have t a k e n  s e v e r a l  p r e c a u ­
t i o n s  t o  min imize  t h e  e f f e c t s  o f  s p a c e  c h a r g e .  Use o f  a low t e m p e r a t u r e  
c a t h o d e  p ro d u c e s  e l e c t r o n s  w i t h  a s u b s t a n t i a l l y  n a r ro w er  t h e r m a l  en e rg y  
d i s t r i b u t i o n  t h a n  h ig h  t e m p e r a t u r e  c a t h o d e s .  (The i n d i r e c t l y  h e a t e d  
c a t h o d e  a l s o  p r e v e n t s  IR d r o p s  and t h e  a s s o c i a t e d  e n e rg y  s p r e a d . )
F i g u r e  2 . 4  shows d l / d E  f o r  two c a t h o d e s ,  one w i t h  a work f u n c t i o n  t h r e e  
t im e s  t h e  o t h e r .  The c u r v e s  a r e  n o r m a l i z e d  so  t h a t  d l / d E  in  b o th  c a s e s  
i s  t h e  same in  t h e  r e g i o n  o f  t h e  maximum, where t h e  monochromator  i s  
t u n e d .  The c o n c l u s i o n s  one ca n  draw a r e :  I f  cp  ^ = Kcp^s T^ must  n e a r l y
e q u a l  KT^ in  o r d e r  f o r  ( d l / d E )  = ( d I / d E ) 9 I f  T. = KT0 , t h e
t o t a l  e m i t t e d  c u r r e n t  f rom c a t h o d e  one i s  K t im e s  t h e  t o t a l  c u r r e n t  f rom 
c a t h o d e  two. However , t h e  e f f e c t i v e  c u r r e n t ,  t h a t  i s  t h e  v a l u e  a t  t h e
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F i g .  2 . 3 .  M agne t ic  F i e l d  Produced  by a Monopole and a D ip o le  as a 
F u n c t i o n  o f  t h e  D i s t a n c e  from t h e  Axis  o f  t h e  P o l e .  The 
c u r r e n t  i s  0 . 1  amp in  each  c a s e .
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Energ y  D i s t r i b u t i o n  o f  E l e c t r o n  T h e r m a l l y  E m i t t e d  f rom 
C a th o d e s  w i t h  Work F u n c t i o n s  o f  1 .0  and 3 . 0  V o l t s .
F i g .  2 . 4 .
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maximum of  t h e  d i s t r i b u t i o n ,  i s  t h e  same in  b o t h  c a s e s .  S in c e  t h e  
monochromator  a c c e p t s  o n ly  a 20 mV s l i c e  o f  t h e  t o t a l  c u r r e n t ,  t h e r e  
i s  a p p r o x i m a t e l y  K t im e s  as much unwanted c u r r e n t  i n  t h e  c a s e  o f  c a t h o d e  
two as f o r  c a t h o d e  one .  T hus ,  t h e  low t e m p e r a t u r e  c a t h o d e  i s  e f f e c t i v e  
i n  r e d u c i n g  sp a c e  c h a r g e .
As a n o t h e r  e f f o r t  t o  r e d u c e  s p a c e  charge, '* '  g r i d s  w i t h  c o l l e c ­
t i o n  p l a t e s  b e h in d  them c o n s t i t u t e  s e v e r a l  o f  t h e  e l e c t r o d e s  o f  t h e  
a p p a r a t u s .  The c o l l e c t i o n  p l a t e s  w i l l  a t t r a c t  s p u r i o u s  e l e c t r o n s  which 
s t r i k e  t h e i r  s u r f a c e s ,  p r e v e n t i n g  t h e  e l e c t r o n s  f rom r e - e n t e r i n g  t h e  
beam r e g i o n .  The g r i d  s t r u c t u r e s  a r e  i n c o r p o r a t e d  as t h e  d e f l e c t i n g  
p l a t e s  i n  t h e  monochromator  and a n a l y z e r  and in  t h e  t a r g e t  chamber .
The use  o f  g r i d s  as t h e  d e f l e c t i o n  p l a t e s  in  t h e  monochromator  i s  
e s p e c i a l l y  i m p o r t a n t ,  s i n c e  s p a c e  c h a r g e  can  be e s p e c i a l l y  h i g h  i n  t h i s  
r e g i o n ,
F i g u r e  2 ,5  i l l u s t r a t e s  why t h e  g r i d s  s h o u l d  be sp a c e d  as 
c l o s e l y  as i s  r e a s o n a b l e .  The p o t e n t i a l  c u r v e  i s  drawn assu ming  t h e  
two g r i d s  a r e  a t  t h e  same p o t e n t i a l .  The p a r a b o l i c  p o r t i o n  o f  t h e  
c u r v e  shows t h e  v a r i a t i o n  o f  V a c r o s s  t h e  s p a c e  c h a r g e  r e g i o n .  The 
s l o p e d  s t r a i g h t  l i n e  p o r t i o n  i s  due t o  t h e  E f i e l d  which e x t e n d s  f rom 
t h e  s h e e t  o f  s p ace  c h a r g e  t o  each  of  t h e  g r i d s .  S i n c e  t h e  E f i e l d  d e ­
pends o n ly  on t h e  c h a r g e / a r e a  i n  t h e  s h e e t ,  t h e  s l o p e  r e m a in s  t h e  same 
as g r i d  s p a c i n g  c h a n g e s .  But  t h e  i n t e g r a l  o f  t h e  s l o p e  i s  t h e  v o l t a g e  
and changes  as t h e  s p a c i n g  c h a n g e s .  Thus,  w i d e r  g r i d  s p a c i n g  a l l o w s
^ P . Mermet and L. Kerwin ,  Can.  J .  P h y s . ^8 ,  787 ( I 9 6 0 ) ,
AV —*
F i g .  2 . 5 .  P o t e n t i a l  P roduced  by a Uni fo rm S h e e t  o f  Space C h a rg e .
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t h e  c h a r g e  d e n s i t y  o f  t h e  beam t o  c a u s e  g r e a t e r  c hanges  i n  t h e  p o t e n t i a l  
i n  t h e  r e g i o n  of  t h e  beam,, T h i s  e f f e c t  c a u s e s  e l e c t r o n s  t o  have l e s s  
k i n e t i c  e n e r g y  t h a n  t h e y  would have  w i t h o u t  s p a c e - c h a r g e  and can s e r i o u s l y  
a f f e c t  t h e  o p e r a t i o n  o f  t h e  a n a l y z e r  a t  low e l e c t r o n  e n e r g i e s .  (Note 
t h a t  t h e  t h e o r e t i c a l  r e s o l u t i o n  o f  t h e  a n a l y z e r  a t  1 v o l t  i s  CL 02 v o l t  
which  i s  t h e  same m ag n i tu d e  as  t h e  s p a c e  c h a r g e  d e p r e s s i o n . )
2 . 1 . 2 . 3  O p e r a t i o n - T he re  a r e  s e v e r a l  modes o f  o p e r a ­
t i o n  o f  t h e  a p p a r a t u s .  F i g u r e  2 .6  shows v o l t a g e  c o n n e c t i o n s  t o  t h e  
s y s t e m .  Some t y p i c a l  modes a r e :
1) With a t  a and Vg ^ = 0,  one can  sweep ft and o b t a i n
t h e  e n e r g y  d i s t r i b u t i o n  o f  e l e c t r o n s  coming from t h e  t a r g e t  
f o r  any p r i m a r y  e n e r g y  c h o s e n .
2) Doing t h e  above w i t h  a p o s i t i v e  v a l u e  o f  Vc s im p ly  movesbHlF T
t h e  d i s t r i b u t i o n ,  o b t a i n e d  by p r o c e d u r e  1 ) ,  ov e r  a d i s t a n c e  
VSHIFT f r ° m Z e r 0 '
3) With S1 a t  a ,  VgHIFT = 0,  and f t s e t  t o  a g i v e n  p a s s  e n e r g y ,  
one can  o b t a i n  t h e  v a r i a t i o n  o f  t h e  h e i g h t  o f  a peak  ( say  
from an Auger  p r o c e s s )  a t  a g i v e n  e n e rg y  above t h e  vacuum 
l e v e l  o f  t h e  t a r g e t  as a f u n c t i o n  o f  t h e  p r i m a r y  e n e r g y .
4)  With S a t  b and V = 0,  v a r y i n g  f t a l l o w s  one to
c o n t i n u o u s l y  o b s e r v e  t h e  h e i g h t  o f  a peak  a t  some f i x e d
v o l t a g e  V be low t h e  p r i m a r y  e n e r g y  as a f u n c t i o n  of  J_iO s s
t h e  p r i m a r y  e n e r g y .
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F i g .  2 . 6 .  S c h e m a t ic  o f  t h e  M on o ch ro m a to r -A n a ly zer  Syst em,  showing t h e  
e l e c t r i c a l  c o n n e c t i o n s  t o  t h e  p e r t i n e n t  e l e c t r o d e s .
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5) The e n e r g y  d i s t r i b u t i o n  o f  1) and 2) can be o b t a i n e d
w i t h o u t  sw eep ing  ft (and t h u s  v a r y i n g  t h e  a n a l y z e r  r e s o l u ­
t i o n ,  which goes  as 1 /V ) .  T h i s  i s  done by s e t t i n g  f t  t o
some v a l u e  and sw eep ing  V t o  b r i n g  t h e  e l e c t r o n s  t o
b r i l r  T
t h e  a c c e p t a n c e  e n e r g y  o f  t h e  a n a l y z e r .  T h i s  o f  c o u r s e  
r e q u i r e s  a c c e l e r a t i o n  and d e c e l e r a t i o n  b e tw een  t h e  t a r g e t  
chamber and t h e  second  a n a l y z e r .  A h i g h  t r a n s m i s s i o n  g r i d  
w i t h  w i r e s  t r a n s v e r s e  t o  t h e  s l i t  d i r e c t i o n  i s  p l a c e d  
a c r o s s  t h e  e x i t  o f  t h e  t a r g e t  chamber .  With t h i s  g r i d  in  
p l a c e ,  t h e  e l e c t r i c  f i e l d  i s  u n i f o r m  where  i m p o r t a n t  and 
t h e  e l e c t r o n  t r a j e c t o r i e s  can  be c a l c u l a t e d .  A computer  
p ro gram  was w r i t t e n  t o  f i n d  t h e  t r a n s f e r  r a t i o  o f  e l e c t r o n s  
a b l e  t o  g e t  f rom t a r g e t  i n t o  t h e  se cond  a n a l y z e r  (w i th  
a n g l e  o f  e n t r a n c e  o f  l e s s  t h a n  | + 3 . 5 ° | )  f o r  v a r i o u s  a c c e l e r a ­
t i o n  and d e c e l e r a t i o n  v o l t a g e s .  F i g u r e  2 .7  shows t h e s e  
r e s u l t s  w i t h  t h e  t r a n s f e r  r a t i o  n o r m a l i z e d  to  one f o r  z e ro  
a c c e l e r a t  i o n .
2 . 1 . 2 . 4  Computer C o n t r o l . T h is  e x p e r im e n t  o p e r a t e s  
under  compute r  c o n t r o l .  A s c h e m a t i c  of  t h e  c o n t r o l  s y s t e m  i s  shown in  
F i g .  2 . 8 .  The b a s i c  o p e r a t i o n  i s  v e r y  s i m i l a r  t o  a m u l t i c h a n n e l  a n a l y z e r  
o p e r a t e d  in  t h e  m u l t i s c a l i n g  mode. A d i g i t a l - a n a l o g  c o n v e r t e r  i s  s t e p p e d  
by t h e  com pute r  t h r o u g h  128 c h a n n e l s ,  a c o u n t e r  i s  o p e r a t e d  f o r  a p r e s e t  
t ime  i n  each  o f  t h e  c h a n n e l s ,  and t h e  number o f  c o u n t s  i s  s t o r e d  i n  
te m p o ra ry  memory i n  t h e  c o m p u te r .  T h i s  d a t a  can  t h e n  be a n a l y z e d  by t h e
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1 4 .0
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2.0
0.0
0.0
- 2.0
Acceleration
F i g .  2 . 7 .  T r a n s f e r  R a t i o  o f  C u r r e n t  f rom T a r g e t  Chamber t o  A n a l y z e r  
as a F u n c t i o n  o f  t h e  A c c e l e r a t i n g  or  D e c e l e r a t i n g  V o l t a g e  
A p p l i e d  be tw een  t h e s e  Two E l e c t r o d e s .
Block diagram of computer controlled 
secondary electron experiment
F i g ,  2 o 8 .  S c h e m a t ic  o f  C o m p u t e r - C o n t r o l l e d  S e c o n d a ry  E l e c t r o n  E x p e r i m e n t .
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com pute r  and d i s p l a y e d  on a t e l e v i s i o n  m o n i t o r  a t  t h e  l o c a t i o n  o f  t h e  
e x p e r im e n t«  The whole  o p e r a t i o n  i s  c o n t r o l l e d  by a t e l e t y p e  k e y s e t  a l s o  
l o c a t e d  a t  t h e  expe r im en t«  In  a d d i t i o n  t o  c a l l i n g  t o  t h e  e x p e r i m e n t  
p rograms w r i t t e n  p r e v i o u s l y  f o r  t h e  a n a l y s i s  o f  t h e  d a t a ,  F o r t r a n  s t a t e ­
ments  can  be w r i t t e n  on t h e  t e l e t y p e  k e y s e t  f o r  p e r f o r m i n g  a n a l y s i s  which 
was n o t  a n t i c i p a t e d «  There  a r e  a number o f  s i g n i f i c a n t  a s p e c t s  t o  t h i s  
t y p e  o f  e x p e r i m e n t a t i o n «  These  g e n e r a l  a s p e c t s  w i l l  be s t u d i e d  and 
c o n s t i t u t e  a s u b s t a n t i a l  p a r t  o f  t h i s  p o r t i o n  o f  th e  program«
The c o m p u t e r - c o n t r o l  p a r t  o f  t h i s  e x p e r im e n t  i s  b e i n g  done in  
c o o p e r a t i o n  w i t h  the  PLATO t e a c h i n g  machine  p rog ram o f  t h e  l a b o r a t o r y .
The major  p o r t i o n  o f  t h e  b u f f e r  equ ipm ent  i s  a p a r t  o f  t h a t  system« 
Programming and d e s i g n  o f  a d d i t i o n a l  b u f f e r  equipm ent  have be en  due a l s o  
in  l a r g e  p a r t  t o  t h e  PLATO g ro u p .
2 , 1 , 2 . 5  P e r f o r m a n c e . F i g u r e  2 .9  i l l u s t r a t e s  t h e  t o t a l  
r e s o l u t i o n  t h a t  has  been  a c h i e v e d  w i t h  t h i s  i n s t r u m e n t .  The f u l l - w i d t h  
a t  h a l f  h e i g h t  i s  a p p r o x i m a t e l y  50 meV. T h i s  c u rv e  was o b t a i n e d  by 
s c a t t e r i n g  t h e  beam from t h e  t a r g e t  a t  5 .0  eV p r im a ry  e n e r g y .  T here  
seems t o  be e s s e n t i a l l y  no s p r e a d i n g  o f  t h e  l i n e  w i d t h  due t o  s c a t t e r ­
i n g .  There  i s  some e v i d e n c e  o f  i n e l a s t i c  s c a t t e r i n g  on t h e  low e n e rg y  
s i d e  o f  t h e  peak .
2 . 1 . 3  D i s c u s s i o n  o f  R e s u l t s . The measu rements  which have 
been  made w i t h  t h i s  i n s t r u m e n t  t o  d a t e  have been  on t h e  (100)  s u r f a c e  
o f  a t u n g s t e n  s i n g l e  c r y s t a l  r i b b o n .  Measurements  have been  made o f  t h e  
e n e rg y  d i s t r i b u t i o n  o f  s e c o n d a r y  e l e c t r o n s  f o r  p r im a ry  e n e r g i e s  be tw een
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F i g .  2 . 9 .  E l a s t i c  Peak  f o r  E = 4 . 5  eV I l l u s t r a t i n g  t h e  R e s o l u t i o n  (50 meV) 
o f  t h e  E l e c t r o n  S p l c t r o m e t e r  Syst em.
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1 and 45 eV; t h e  number o f  e l e c t r o n s  p ro d u c e d  w i t h  1 . 0 ,  1 . 5 ,  2 . 0 ,  2 . 5 S 
and 3 . 0  eV en e rg y  l e s s  t h a n  t h e  p r i m a r y  e n e rg y  as a f u n c t i o n  o f  p r im a r y  
e n e r g y ;  and t h e  e l a s t i c  r e f l e c t i o n  c o e f f i c i e n t  f o r  p r i m a r y  e n e r g i e s  be tween  
0 and 100 eV. These m easu rements  have been  made f o r  t h e  t a r g e t  c l e a n e d  
by f l a s h i n g  t o  2300 K and w i t h  N2 > H^, and CO a d s o r b e d  on t h e  s u r f a c e .
The r e s u l t s  i n d i c a t e  t h a t  s e v e r a l  o f  t h e  p r o c e s s e s  d i s c u s s e d  above have 
been  o b s e r v e d .
2 > 1 . 3 . 1  D i s c r e t e  Loss  M echan ism s, F i g u r e  2 . 1 0  shows a 
l o g a r i t h m i c  p l o t  o f  t h e  e n e r g y  d i s t r i b u t i o n  o f  s c a t t e r e d  e l e c t r o n s  f rom 
t h e  t u n g s t e n  s u r f a c e .  These  r e s u l t s  were  o b t a i n e d  a f t e r  s y s t e m  b a k e o u t  
and b e f o r e  any f u r t h e r  p r o c e s s i n g  o f  t h e  t a r g e t .  The r e g i o n  o f  t h e  
d i s t r i b u t i o n  shown i s  i n  t h e  " v a l l e y "  j u s t  be low t h e  v e r y  s t r o n g  e l a s t i c  
peak  ( t h e  e l a s t i c  peak  i s  n o t  shown) .  The peaks i n  t h e  d i s t r i b u t i o n  
a r e  due t o  e x c i t a t i o n  o f  d i s c r e t e  s t a t e s  i n  t h e  s u r f a c e .  They a r e  s e p a ­
r a t e d  by a p p r o x i m a t e l y  400 meV, t h e  s e p a r a t i o n  becoming somewhat l e s s  
be tween  t h e  peaks o f  lower  i n t e n s i t y .  I t  i s  v e r y  l i k e l y  t h a t  t h i s  s t r u c ­
t u r e  r e p r e s e n t s  t h e  e x c i t a t i o n  o f  t h e  v i b r a t i o n a l  s t a t e s  o f  gas  a d s o rb e d  
on t h e  s u r f a c e .  The s t r u c t u r e  d i s a p p e a r s  a f t e r  f l a s h i n g  t h e  t a r g e t .
E f f o r t s  t o  o b s e r v e  t h e  s t r u c t u r e  w i t h  N2> H2 , and CO a d s o r b e d  on t h e  
s u r f a c e  have n o t  been  s u c c e s s f u l .  I t  i s  p o s s i b l e  t h a t  t h e  s y s t e m  which 
e x h i b i t s  t h e  s t r u c t u r e  o f  F i g .  2 . 1 0  i s  t h e  h y d r o g e n - n i t r o g e n  bond on 
t u n g s t e n .  The v a l u e  o f  395 meV o b s e r v e d  f o r  t h e  s u r f a c e  l o s s  i s  c l o s e  
t o  t h e  N-H s t r e t c h i n g  bond in  a number o f  s y s t e m s .  F i g u r e  2 .1 1  shows 
th e  same t y p e  of  s t r u c t u r e  which r e s u l t e d  f rom e x p o s i n g  t h e  c l e a n  t a r g e t
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E p - E s ( meV)
F i g .  2 . 1 0 .  Energy D i s t r i b u t i o n  o f  Seco n d a ry  E l e c t r o n s  f rom a C o n ta m in a te d  
T u n g s t e n  (100)  S u r f a c e ,  Showing t h e  E x i s t e n c e  o f  Low Energy  
D i s c r e t e  L o s s e s .
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Ep- Es (meV)
i g .  2 . 1 1 .  Energy D i s t r i b u t i o n  o f  S ec o n d a ry  E l e c t r o n s  f rom a T u n g s t e n
(100)  S u r f a c e  a f t e r  E x p o s in g  t h e  S u r f a c e  t o  N i t r o g e n  and t h e  
R e a c t i o n  P r o d u c t s  o f  t h e  N i t r o g e n  w i t h  an O p e r a t i n g  Hot 
Cathode  I o n i z a t i o n  Gauge.
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t o  t h e  o u t g a s s i n g  p r o d u c t s  o f  a gauge which had been  exposed  t o  C^- 
The s t r u c t u r e  i s  v e r y  s i m i l a r  t o  t h a t  i n  F i g .  2 . 1 0 ,  and a g a i n  i t  seems 
l i k e l y  t h a t  N-H o r  C-H i s  t h e  s o u r c e .  V a r i o u s  v a p o r s  w i l l  be  i n t r o d u c e d  
d i r e c t l y  i n t o  t h e  s y s t e m  t o  c h e c k  t h i s  h y p o t h e s i s .
These  r e s u l t s ,  a l t h o u g h  by no means c o m p l e t e ,  open t h e  p o s s i ­
b i l i t y  o f  a t e c h n i q u e  o f  t h e  a n a l y s i s  o f  s u r f a c e  c o n t a m i n a n t s  and 
s t r u c t u r e  s i m i l a r  t o  i n f r a r e d  s p e c t r o s c o p y .
2 . 1 . 3 . 2  Ene rgy D i s t r i b u t i o n s  and I n e l a s t i c  S c a t t e r i n g  
P r o b a b i l i t i e s «
F i g u r e s  2 .1 2  and 2 .13  show t h e  e n e rg y  d i s t r i b u t i o n s  f o r  s e c o n d a r y
e l e c t r o n s  f r o m  c l e a n  t u n g s t e n  f o r  t h e  p r i m a r y  e n e r g i e s  i n d i c a t e d .  There
a r e  two i n t e r e s t i n g  f e a t u r e s  i n  t h e s e  c u r v e s .  F i r s t ,  t h e r e  i s  a peak  a t
a p p r o x i m a t e l y  1 eV be low t h e  e l a s t i c  p e a k .  T h i s  i s  v e r y  l i k e l y  due t o  a
peak  in  t h e  d e n s i t y  o f  s t a t e s  in  t h e  band s t r u c t u r e  o f  t h e  s o l i d  a t  1 eV
above or  be low  th e  F e rm i  l e v e l .  The c a l c u l a t i o n  o f  t h e  band s t r u c t u r e
2o f  t u n g s t e n  by M a t t h e i s s  i n d i c a t e s  a peak  a t  t h i s  e n e r g y  be low t h e  
F erm i  l e v e l .  I n  a d d i t i o n ,  t h e r e  i s  s t r u c t u r e  i n  t h e  low e n e rg y  r e g i o n  
o f  t h e s e  d i s t r i b u t i o n s .  I n  p a r t i c u l a r ,  t h e r e  a r e  s m a l l  peaks a t  a p p r o x i ­
m a te ly  1 and 2 .7  eV. T hese  would i n d i c a t e  peaks  i n  the  d e n s i t y  o f  s t a t e s  
a t  t h e s e  e n e r g i e s  r e l a t i v e  t o  t h e  vacuum l e v e l .
F i g u r e  2 .1 4  shows t h e  number o f  e l e c t r o n s  l e a v i n g  t h e  t a r g e t  
w i t h  0 . 0 ,  1 . 0 ,  2 . 0 ,  and 2 . 5  eV e n e r g y  l e s s  t h a n  t h e  p r i m a r y  e n e r g y ,  
p l o t t e d  as a f u n c t i o n  o f  t h e  p r i m a r y  e n e r g y .  F i g u r e  2 .15  shows t h e  same 
d a t a ,  p l o t t e d  as a f u n c t i o n  o f  t h e  e n e r g y  o f  t h e  e l e c t r o n s  l e a v i n g  t h e  
t a r g e t .  We n o t e  two t h i n g s .
^L. F.  M a t t h e i s s ,  P h y s . Rev.  1 39 , A1893 (1965)„
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Secondary energy, E s (eV)
Figo 2 , 1 2 .  Energy  D i s t r i b u t i o n  o f  S e c o n d a ry  E l e c t r o n s  f rom a C le a n  
/  T u n g s t e n  (100)  S u r f a c e .
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Fig„  2 o l 3 .  Energy D i s t r i b u t i o n  o f  S e c o n d a ry  E l e c t r o n s  f rom a C le a n  
T u n g s t e n  (100)  S u r f a c e ,
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F i g ,  2 . 1 4 .  P l o t  o f  t h e  Number o f  E l e c t r o n s  Produced  w i t h  0 . 0 S 1 . 0 S 2 . 0 9
and 2 . 5  eV K i n e t i c  Energy  Less  t h a n  t h e  P r im a r y  K i n e t i c  Energy 
P l o t t e d  as  a F u n c t i o n  o f  t h e  P r im a ry  E n e rg y .  The d a t a  shown 
a r e  f o r  t h e  c l e a n  t u n g s t e n  (100)  s u r f a c e .
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F i g .  2 . 1 5 .  D a ta  o f  F i g .  2 .1 4  P l o t t e d  as a F u n c t i o n  o f  t h e  Energy  o f  t h e  
E l e c t r o n s  L e a v in g  t h e  T a r g e t .
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F i r s t ,  i n  F i g .  2 . 1 4 ,  t h e r e  i s  a peak  in  each o f  t h e  c u r v e s  a t  
4 eV p r i m a r y  e n e r g y .  ( I n  t h e  c u r v e s  shown t h e  e l e c t r o n s  l e a v e  t h e  t a r g e t  
w i t h  4 . 0 ,  3 . 0 ,  2 . 0 ,  and 1 .5  eV k i n e t i c  e n e r g y  when t h e  p r im a r y  e n e rg y  i s  
4 eV.)  I n  F i g .  2 . 1 5 ,  t h e r e  i s  a peak  in  t h e  number o f  e l e c t r o n s  l e a v i n g  
t h e  t a r g e t  w i t h  1 . 0 ,  2 . 7 ,  4 . 0 ,  and 6 . 0  eV k i n e t i c  e n e rg y  r e g a r d l e s s  of  
t h e  p r i m a r y  e n e r g y .  The f i r s t  o f  t h e s e  r e s u l t s  i n d i c a t e s  t h a t  t h e r e  i s  
a h i g h  p r o b a b i l i t y  o f  e l a s t i c  s c a t t e r i n g  o f  4 eV p r im a r y  e l e c t r o n s ,  
f o l l o w e d  by i n e l a s t i c  s c a t t e r i n g  t o  g i v e  t h e  s t r u c t u r e  a t  4 eV ( F i g .  2 . 1 4 ) 0 
The s t r u c t u r e  in  F i g .  2 . 1 5 ,  b e i n g  f i x e d  w i t h  r e s p e c t  t o  t h e  k i n e t i c  
e n e rg y  o f  t h e  e l e c t r o n s  l e a v i n g  t h e  t a r g e t ,  i s  i n d i c a t i v e  o f  s t r u c t u r e  
in  t h e  d e n s i t y  o f  s t a t e s  o f  t h e  m e t a l .  The f i r s t  two o f  t h e  peaks  ( 1 . 0  
and 2 .7  eV) o f  F i g .  2 .1 5  c o r r e s p o n d  t o  t h e  weak s t r u c t u r e  a t  t h e  same 
en e rg y  in  t h e  e n e rg y  d i s t r i b u t i o n  o f  s e c o n d a r y  e l e c t r o n s  ( F i g s .  2 . 1 2  and 
2 . 1 3 ) .
The peaks a t  a p p r o x i m a t e l y  1 . 0 ,  2 . 7 ,  and 4 . 0  eV a r e  in  r e a s o n a b l y  
good ag reem en t  w i t h  t h e  e n e r g i e s  o f  t h e  H ^ , ,  , and symmetry p o i n t s
o f  t h e  t u n g s t e n  band s t r u c t u r e  as c a l c u l a t e d  by M a t t h e i s s .  I n  p a r t i c u -  
l a r ,  M a t t h e i s s  g i v e s  t h e  band s t r u c t u r e  c a l c u l a t e d  u s i n g  two p o t e n t i a l s ,
V^ and V2 . These p o t e n t i a l s  a r e  i d e n t i c a l  w i t h  t h e  e x c e p t i o n  t h a t  t h e  
exchange  p o t e n t i a l  i n  i s  r e d u c e d  by 30 p e r  c e n t  in  t h e  c a s e  o f  V2 .
I f  one assumes a l i n e a r  dependence  o f  t h e  e n e rg y  s e p a r a t i o n  o f  t h e s e  
symmetry p o i n t s  on t h e  s t r e n g t h  o f  t h e  exchange  p o t e n t i a l ,  t h e  e n e r g i e s  
f o r  t h e  H2 5 , ,  N3 , and H15 p o i n t s  a r e  1 . 4 ,  2 . 7 ,  and 4 . 0  eV, r e s p e c t i v e l y ,  
when t h e  exchange  p o t e n t i a l  o f  i s  r e d u c e d  by a p p r o x i m a t e l y  20 p e r  c e n t .
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F i g u r e s  2 .1 6  t h r o u g h  2 .21  show t h e  same ty p e  o f  r e s u l t s  as 
above ,  b u t  f o r  t h e  t a r g e t  exposed  to  ^  and . The main f e a t u r e  i l l u s ­
t r a t e d  i s  t h a t  t h e  s t r u c t u r e  ( a l t h o u g h  somewhat d i m i n i s h e d )  i s  q u a l i t a ­
t i v e l y  t h e  same as  f o r  t h e  c l e a n  s u r f a c e , A g a in ,  we have t h e  i n d i c a t i o n  
t h a t  t h e  s t r u c t u r e  t h a t  i s  o b s e r v e d  i s  due t o  t h e  b u l k  p r o p e r t i e s .
I n  t h e  s t u d i e s  o f  gas  a d s o r p t i o n ,  t h e  t a r g e t  e x p o s u r e  was 
-3a p p r o x i m a t e l y  10 T o r r ° s e c  in  each  c a s e .  F l a s h - f i l a m e n t  m easu rements  
i n d i c a t e  an e x t r e m e l y  low s t i c k i n g  p r o b a b i l i t y .  I n  p a r t i c u l a r ,  t h e r e  
i s  p r o b a b l y  v e r y  l i t t l e  ^  a d s o r b e d  on t h e  t a r g e t  f o r  t h e  c u r v e s  of  
F i g s .  2 . 1 6 ,  2 . 1 7 ,  and 2 .1 8  even a f t e r  t h e  v e r y  long e x p o s u r e  o f  t h e  
t a r g e t .
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F i g .  2 . 1 6 .  The Energy  D i s t r i b u t i o n  o f  S ec o n d a ry  E l e c t r o n s  f rom t h e
T u n g s t e n  (100)  S u r f a c e  a f t e r  E x p o su re  o f  t h e  S u r f a c e  t o  N^o
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{
Secondary energy, E s (eV)
F i g .  2 . 1 7 .  The Energ y  D i s t r i b u t i o n  o f  S e c o n d a ry  E l e c t r o n s  f rom t h e
T u n g s t e n  (100)  S u r f a c e  a f t e r  Ex p o su re  o f  t h e  S u r f a c e  t o  ^ .
N
(E
p —
 E
|_
os
s) 
(A
rb
itr
ar
y 
un
its
)
82
F i g .  2 . 1 8 .  P l o t  o f  t h e  Number o f  E l e c t r o n s  P roduced  w i t h  0 . 0 ,  1 . 0 ,  1 . 5 ,
and 2 . 0  eV K i n e t i c  Energy  Less  t h a n  t h e  P r im a r y  K i n e t i c  Energy 
P l o t t e d  as a F u n c t i o n  o f  t h e  P r im a ry  E n e r g y .  The d a t a  p r e ­
s e n t e d  a r e  f o r  t h e  (100)  t u n g s t e n  s u r f a c e  a f t e r  e x p o s i n g  t h e  
s u r f a c e  t o
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F i g .  2 . 1 9 .  The Energy  D i s t r i b u t i o n  o f  Seco n d a ry  E l e c t r o n s  f rom t h e
T u n g s t e n  (100)  S u r f a c e  a f t e r  E x p o su re  o f  t h e  S u r f a c e  t o  H .
84
l
F i g .  2 . 2 0 .  The Energy  D i s t r i b u t i o n  o f  S e c o n d a ry  E l e c t r o n s  f rom t h e
T u n g s t e n  (100)  S u r f a c e  a f t e r  Ex p o su re  o f  t h e  S u r f a c e  t o  H^.
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F i g .  2 . 2 1 .  P l o t  o f  t h e  Number o f  E l e c t r o n s  Produced  w i t h  0 . 0 ,  1 . 0 ,  1 .5  
and 2 . 0  eV K i n e t i c  Energy  Less  t h a n  t h e  P r im a r y  K i n e t i c  
Energy P l o t t e d  as  a F u n c t i o n  o f  t h e  P r im a r y  E n e r g y .  The 
d a t a  p r e s e n t e d  a r e  f o r  t h e  (100)  t u n g s t e n  s u r f a c e  a f t e r  e x ­
p o s i n g  t h e  s u r f a c e  t o  R ^ .
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- ° ^---- — — S tu d y  o f  t h e A d s o r p t i o n  o f  Gases  on M e ta l s  by t h e  Auger  P r o c e s s
2 . 2 . 1  I n t r o d u c t i o n . Much o f  t h e  work t h a t  has  b een  done on 
t h e  a d s o r p t i o n  o f  g a s e s  on m e t a l l i c  s u r f a c e s  has  s u f f e r e d  from t h e  i n ­
h e r e n t  l i m i t a t i o n s  o f  t h e  s t a n d a r d  m e thods .  A t e c h n i q u e  f o r  d e t e r m i n i n g  
to  c o v e r a g e ,  0 ,  t h e  f r a c t i o n  o f  t h e  a d s o r p t i o n  s i t e s  which a r e  f i l l e d  
by gas  a to m s ,  i s  r e q u i r e d .
When gas i s  a d s o r b e d  on t h e  s u r f a c e ,  t h e r e  i s  a r e a l i g n m e n t  
o f  t h e  e l e c t r o n i c  bonds on t h e  s u r f a c e  m e t a l  a toms.  The r e s u l t i n g  
change in  work f u n c t i o n ,  c l o s e l y  r e l a t e d  t o  0 ,  may t h e n  be measu red  by 
many m e th o d s ,  a l l  o f  which a r e  r a t h e r  d i f f i c u l t .  F i e l d  e m i s s i o n  s t u d i e s  
have g i v e n  d i r e c t ,  b u t  d i f f i c u l t  t o  r e p r o d u c e ,  i n f o r m a t i o n  abou t  
a d s o r b e d  s u r f a c e  a toms.  E l e c t r o n  d i f f r a c t i o n  a l s o  has  been  s u c c e s s ­
f u l l y  u s e d ,  however ,  t h i s  t e c h n i q u e  f a i l s  when t h e  s c a t t e r i n g  f a c t o r  
o f  t h e  a d s o r b e d  s p e c i e s  i s  much s m a l l e r  t h a n  t h a t  o f  t h e  s u b s t r a t e ,  or  
when t h e  a d s o r b e d  gas  r e p l i c a t e s  t h e  c r y s t a l l o g r a p h i c  s t r u c t u r e  o f  t h e  
s u b s t r a t e .
One o f  t h e  most  commonly used  t e c h n i q u e s  i s  t h e  f l a s h i n g  o f  a
m e t a l  f i l a m e n t  t o  d r i v e  o f f  t h e  a d s o r b e d  g a s e s  and t h e n  m e a s u r in g  t h e
3c o n s e q u e n t  p r e s s u r e  r i s e  w i t h i n  t h e  s y s t e m .  T h i s  method r e q u i r e s  e x ­
t reme p r e c a u t i o n s  in  r e l a t i n g  t h e  p r e s s u r e  r i s e  t o  0 .  F u r t h e r m o r e ,  as 
l o n g ,  t h i n  f i l a m e n t s  a r e  u s e d ,  s p e c i f i c  c r y s t a l l i n e  f a c e s  a r e  n o t  
a v a i l a b l e .  S i n c e  f i e l d - i o n - m i c r o s c o p e  s t u d i e s  i n d i c a t e  t h a t  t h e
3E h r l i c h ,  J .  Chem. P h y s . 34,  29 (1 9 6 1 ) .
a d s o r p t i o n  o f  g a s e s  has  d i f f e r e n t  c h a r a c t e r i s t i c s  on t h e  d i f f e r e n t  
c r y s t a l  f a c e s ,  t h i s  method l e a v e s  many q u e s t i o n s  u n a n s w e r e d „
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M i g r a t i o n  o f  t h e  gas  a toms from t h e  end o f  t h e  f i l a m e n t  when 
d e s o r p t i v e  h e a t i n g  has  begun can  a l s o  d e c r e a s e  t h e  amount o f  gas e v o l v e d ,  
t h u s  d e c r e a s i n g  t h e  v a l u e  o b t a i n e d  f o r  t h e  d e s o r p t i o n  c o n s t a n t .
We i n t e n d  t o  u se  t h e  Auger  p r o c e s s  ( e m i s s i o n  o f  e l e c t r o n s  by 
low en e rg y  i n c i d e n t  i o n s )  t o  measure  t h e  d e g r e e  o f  s u r f a c e  c o v e r a g e „
In  t h e  c l e a n  s u r f a c e  c a s e .  He i o n s  i n c i d e n t  on a m e t a l  i n t e r a c t  w i t h  
two e l e c t r o n s  f rom t h e  m e t a l ' s  c o n d u c t i o n  band .  One o f  t h e  e l e c t r o n s  
d ro p s  i n t o  t h e  empty l e v e l ,  n e u t r a l i z i n g  t h e  He+ i o n ,  and t h e  o t h e r  
a d s o r b s  t h e  en e rg y  r e l e a s e d  i n  t h e  p r o c e s s ,  u l t i m a t e l y  b e i n g  e j e c t e d  
from t h e  m e t a l  i n  a b o u t  o n e - f o u r t h  o f  t h e  c a s e s »  The r a t i o
a d s o r b e d  on t h e  t u n g s t e n ,  t h e  s e c o n d a r y  e l e c t r o n s  a t t e m p t i n g  t o  e s c a p e  
t h e  m e t a l  a r e  s c a t t e r e d  b a c k  i n t o  t h e  m e t a l  w i t h  a p r o b a b i l i t y  d ep e n d e n t  
on t h e  coverage»  E x p e r i m e n t a l l y ,  0 i s  found  t o  d e c r e a s e  a lm o s t  l i n e a r l y  
w i t h  i n c r e a s i n g  c o v e r a g e  u n t i l  t h e r e  i s  ab o u t  one mono layer  o f  a d s o rb e d  
gas on t h e  s u r f a c e .
o f  0 ,  s i n c e  t h e  amount o f  h i g h  e n e r g y  s e c o n d a r i e s  may d e c r e a s e  by a 
f a c t o r  o f  t h r e e  or  more w i t h  a d s o r p t i o n  o f  one mon olayer  o f  g a s .  S in c e
i n c i d e n t  ions
i s  c a l l e d  t h e  "Auger y i e l d . "  P r o p s t ^  has  s u g g e s t e d  t h a t  when g a s e s  a r e
Thus,  an o b s e r v a t i o n  o f  y  g i v e s  a d i r e c t  and s e n s i t i v e  measu re
4.F M. P r o p s t  and E. L ü s c h e r ,  P h y s . Rev.  13 2 , 1037 (1 963) .
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o n ly  a s m a l l  a r e a  o f  t u n g s t e n  need be o b s e r v e d ,  i t  i s  p o s s i b l e  t o  use  
s i n g l e  c r y s t a l  m a t e r i a l .
The a p p a r a t u s  shown in  F i g .  2 . 2 2  i s  now u n d e r  c o n s t r u c t i o n .  
B a s i c a l l y ,  we w i l l  use  an e l e c t r o n  im pac t  h e l i u m  ion  s o u r c e ,  l e a d i n g  to  
a c y l i n d r i c a l  l e n s  which  f o c u s e s  t h e  io n s  o n to  t h e  t a r g e t .  The t a r g e t  
i s  a s i n g l e - c r y s t a l  t u n g s t e n  r i b b o n  mounted on two h e a t i n g  l e a d s  which 
p a s s  d i r e c t l y  i n t o  a l i q u i d  n i t r o g e n  c o o l i n g  b a t h .  I f  t h e  ion  c u r r e n t  
i s  h e l d  c o n s t a n t  by a f e e d b a c k  loop  t o  t h e  i o n  s o u r c e ,  t h e n  y  i s  d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  c u r r e n t  f rom t h e  c o l l e c t o r  e l e c t r o d e .
The s i m p l e  model  o f  d e s o r p t i o n  p r o c e s s  i s  a n a l a g o u s  t o  t h e  
p ro b le m  o f  a p a r t i c l e  v i b r a t i n g  w i t h  a f r e q u e n c y  p in  a p o t e n t i a l  w e l l  
o f  d e p t h  Eg.  An a p p r o x i m a t i o n  t o  t h e  e s c a p e  p r o b a b i l i t y  w i l l  be
-E ,/kT
P(T) = pe
I f  t h e r e  a r e  s e v e r a l  p o s s i b l e  t y p e s  o f  b o n d in g  w e l l s  a v a i l a b l e  on t h e  
s u r f a c e  as i s  s u s p e c t e d ,
3(T)  = 2 p .  e 
i
-E . /kT Bi
We w i l l  i l l u s t r a t e  t h e  e x p e r i m e n t a l  t e c h n i q u e  by c o n s i d e r i n g
d e s o r p t i o n  o f  a monatomic gas  f rom  t h e  s u r f a c e .  F i r s t  we f l a s h  t h e
t a r g e t  c l e a n  and a l l o w  i t  t o  c o o l  a t  t im e  t  ( F i g .  2 . 2 3 ) „  At t ime  to 1
t h e  t a r g e t  ha s  c o o l e d ,  so t h a t  gas  can  be  a d m i t t e d ,  and t h e  t a r g e t  
exposed  u n t i l  t h e  c o v e r a g e  i n c r e a s e s  t o  0 q and t h e  change  in  y i e l d  i s  
AYq ° The gas  f l ow i s  s t o p p e d  a t  t ^ °  At  t im e  t ^  t h e  t a r g e t  t e m p e r a t u r e  
i s  i n c r e a s e d  t o  t e m p e r a t u r e  T^ or  T2 so  t h a t  t h e r m a l  d e s o r p t i o n  b e g i n s .
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Figo 2 . 2 2 .  S c h e m a t i c  o f  A d s o r p t i o n - D e s o r p t i o n  E x p e r i m e n t .
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F i g .  2 . 2 3 .  S c h e m a t i c  I l l u s t r a t i n g  t h e  P r i n c i p l e  o f  One Mode o f  P r o c e d u r e  
o f  t h e  A d s o r p t i o n - D e s o r p t i o n  E x p e r i m e n t .
f "
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As d e s o r p t i o n  c o n t i n u e s ,  t h e  v a l u e s  o f  t h e  y i e l d  in  b o t h  c a s e s  ap p ro ach  
t h e  c l e a n  s u r f a c e  v a lu e »  We d e f i n e  t h e  d e s o r p t i o n  c o e f f i c i e n t  |3(T) in  
t h i s  c a s e  by t h e  e q u a t i o n
= -P(T)e
so t h a t
P(T) = ( 1 / t )  l n (0  / 9 )  = ( l / t ) l n ( A v  /Ay ) .
O o
Thus by p l o t t i n g  ln(AYo /Ay) v e r s u s  t ,  we c a n  f i n d  3 f rom t h e
s lo p e»  N o n - l i n e a r i t i e s  in  t h e  s l o p e  w i l l  r e v e a l  c o m p l e x i t i e s  in  3 ,  such
as t h e  s m a l l  v a r i a t i o n  o f  |3 w i t h  0 .
T h i s  p l o t t i n g  p r o c e d u r e  g i v e s  us one v a l u e  o f  3 ( T ) 0 By
r e p e a t i n g  t h e  o p e r a t i o n  f o r  a r a n g e  o f  t e m p e r a t u r e s ,  T^,  , 00°, we
w i l l  be  a b l e  t o  c o n s t r u c t  t h e  b e h a v i o r  o f  (3 w i t h  r e s p e c t  t o  T, and
ch e c k  w i t h  t h e  s i m p l e  model  we have use d  t o  d e t e r m i n e  E and v .  WeB
hope t o  be a b l e  t o  d e t e r m i n e  t h e  number o f  b o n d in g  s t a t e s  and t h e i r  
e n e r g i e s  f rom t h i s  i n f o r m a t i o n .
F i n a l l y ,  we n o t e  t h a t  t h i s  t e c h n i q u e  can  be a p p l i e d  t o  
v a r i o u s  t y p e s  o f  d e s o r p t i o n ,  su ch  as  e l e c t r o n  im pac t  d e s o r p t i o n ,  
p h o t o - d e s o r p t i o n ,  and io n  s p u t t e r i n g .
2 . 2 . 2  E x p e r i m e n t a l  A p p a r a t u s . The s y s t e m  i n d i c a t e d  s c h e m a t i c a l l y  
in  F i g .  2 . 2 2  has  been  c o n s t r u c t e d  and i n i t i a l  t e s t s  p e r f o r m e d .  An ion 
gun and f e e d b a c k  a r r a n g e m e n t  t o  h o ld  t h e  ion  c u r r e n t  s t r i k i n g  t h e  t a r g e t  
has  been  d e v e l o p e d .  A s c h e m a t i c  o f  t h i s  s y s t e m  i s  shown i n  F i g .  2 . 2 4 .
The o p e r a t i o n  i s  as  f o l l o w s .
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A Ion lens Collector
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The p o t e n t i a l  V o f  t h e  e l e c t r o n - f o c u s  e l e c t r o d e  c o n t r o l s  t h e  K
e m i s s i o n  c u r r e n t  f rom t h e  f i l a m e n t  F and t h e  t r a j e c t o r i e s  o f  t h e  e l e c ­
t r o n s  i n t o  t h e  i o n i z a t i o n  r e g i o n ;  h e n c e ,  i t  may be u sed  t o  c o n t r o l  t h e  
t o t a l  io n  c u r r e n t o  A c o n s t a n t  f r e a c t i o n  o f  t h e s e  i o n s  moving toward  
p l a t e  A p a s s  t h r o u g h  i t s  a p e r t u r e  and a r e  f o c u s e d  o n to  t h e  t a r g e t .  A 
p l o t  o f  t h e  r e l a t i o n s h i p  be tw een  V and I  i s  shown i n  F i g .  2 . 2 5 .
When t h e  s y s t e m  i s  o p e r a t i n g  i n  t h e  f e e d b a c k  m o d e - - s a y  a t  
o p e r a t i n g  p o i n t  P c o r r e s p o n d i n g  t o  an io n  c u r r e n t  1° and an e l e c t r o n  
fo c u s  p o t e n t i a l  V ° - - a  momentary i n c r e a s e  i n  ion  c u r r e n t  c a u s e s  an 
i n c r e a s e d  e l e c t r o m e t e r - o u t p u t  v o l t a g e .  Thus ,  a l a r g e r  v o l t a g e  i s  a p p l i e d  
t o  t h e  n e g a t i v e  i n p u t  o f  t h e  o p e r a t i o n a l  a m p l i f i e r ,  p u s h i n g  t h e  a m p l i f i e r  
o u t  o f  i t s  b a l a n c e d  s t a t e  and g i v i n g  a n e g a t i v e  i n s t e a d  o f  a z e r o  o u t p u t  
v o l t a g e .  T h i s  n e g a t i v e  v o l t a g e  w i l l  d ro p  t h e  f o c u s - e l e c t r o d e  v o l t a g e  
f rom i t s  s t e a d y - s t a t e  v a l u e ,  t h e r e b y  r e d u c i n g  t h e  io n  c u r r e n t  and b r i n g ­
ing  t h e  a m p l i f i e r  b a c k  i n t o  b a l a n c e .  A momentary d e c r e a s e  i n  ion  c u r r e n t  
p ro d u c e s  t h e  c o n v e r s e  r e s u l t .
Us ing  t h i s  s y s t e m ,  we have  o b s e r v e d  r u n s  o f  many h undreds  o f  
s e c o n d s  d u r i n g  which  t h e  ion  c u r r e n t  was c o n s t a n t  t o  b e t t e r  t h a n  one p e r  
c e n t .
The vacuum s y s t e m  has  a c h i e v e d  p r e s s u r e s  in  t h e  10 ^  T o r r  
r a n g e ,  A q u a d r u p o l e  mass a n a l y z e r  was used  t o  o b t a i n  p a r t i a l - p r e s s u r e  
m easu rements  o f  t h e  r e s i d u a l  g a s e s  i n  t h e  sy s t e m .  F i g u r e  2 .2 6  shows a 
t y p i c a l  s p e c t r u m  t a k e n  a f t e r  a l i g h t  b a k e o u t  (250°C) and an o u t g a s s i n g  
o f  b o t h  t h e  B a y a r d - A l p e r t  gauge and t h e  a n a l y z e r .  Peaks a t  18 due t o
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F i g .  2 . 2 5 .  Io n  C u r r e n t  v e r s u s  E l e c t r o n  F o c u s - E l e c t r o d e  P o t e n t i a l .
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Fig. 2 .2 6 . T y p i c a l  Mass S p e c t ru m  o f  R e s i d u a l  G a s e s .
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+ + + +H^O , a t  28 due t o  CO and ^  , and a t  44 due t o  CO2 a r e  a p p a re n t»
-9Background p r e s s u r e  was ab o u t  3x10 T o r r » S i n c e  our  s y s t e m  i s  pumped
w i t h  DC-705 o i l ,  i t  i s  p o s s i b l e  t h a t  t h e  p eak  a t  78 i s  due t o  C,H , as
6 6
o b s e r v e d  by G o s s e l i n  and Bryant ."*
A f t e r  r emoving  t h e  mass a n a l y z e r  and b a k i n g  t o  450°C,  t h e  
s y s t e m  p r e s s u r e  wen t  down to  l e s s  t h a n  8X10 10  T o r r  i n  a few days» 
A f t e r  some weeks o f  o p e r a t i o n ,  t h e  p r e s s u r e  d ro p p ed  t o  be low 4x10 ^  
T or r  .
C o n s i d e r a b l e  d i f f i c u l t i e s  have  b een  e n c o u n t e r e d  i n  t h e  f e e d ­
th r o u g h  o f  t h i s  sy s t e m .  R e l a t i v e l y  major  r e p a i r  and r e d e s i g n  has  been  
r e q u i r e d .  Once t h e s e  c h an g es  a r e  made, i n i t i a l  m easurem ents  sh o u ld  be 
p o s s i b l e  i m m e d i a t e l y .
^C. M. G o s s e l i n  and P. J .  B r y a n t ,  J .  Vac.  S c i .  T e c h n o l .  _2, 
293 ( 1 9 6 5 ) .
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2 . 3  A n g u la r  D i s t r i b u t i o n  o f  Auger  E l e c t r o n s
£A l th o u g h  t h e  Auger  n e u t r a l i z a t i o n  e f f e c t  has  b e e n  s t u d i e d  
e x t e n s i v e l y  d u r i n g  t h e  l a s t  few y e a r s ,  a number o f  i m p o r t a n t  q u e s t i o n s  
s t i l l  r e m a in  unansw ered .  Among t h e s e  a r e :
(1 )  What i s  t h e  a n g u l a r  d i s t r i b u t i o n  o f  e j e c t e d  e l e c t r o n s ?
(2)  To what  d e g r e e  does  t h e  i n t e r a c t i o n  be tw een  Auger and 
c o n d u c t i o n  band e l e c t r o n s  i n f l u e n c e  t h e  e f f e c t ?
(3)  To what  d e g r e e  does  t h e  c r y s t a l  s t r u c t u r e  i n f l u e n c e  t h e  
e f f e c t  ?
(4 )  How does t h e  e f f e c t  depend on t h e  a n g l e  o f  i n c i d e n c e  o f  
t h e  i o n  beam?
An a p p a r a t u s  i s  b e i n g  d e s i g n e d  t o  p e r f o r m  t h r e e  t y p e s  o f  
s u r f a c e  s t u d i e s  on a g i v e n  c r y s t a l l i n e  s u r f a c e  i n  s i t u . The t h r e e  
m easu rements  a r e :
(1 )  Auger  n e u t r a l i z a t i o n
(2)  E l e c t r o n  d i f f r a c t i o n
(3)  S ec o n d a ry  e l e c t r o n  e m i s s i o n . ^
I t  i s  hoped t h e  c o r r e l a t i o n  o f  t h e s e  t h r e e  t y p e s  o f  m e a s u r e ­
ments  w i l l  p r o v i d e  d e f i n i t i v e  answ ers  t o  t h e  above q u e s t i o n s .  T h i s  
s t u d y ,  i n  c o n j u n c t i o n  w i t h  t h e  e x p e r i m e n t s  d e s c r i b e d  in  t h e  p r e v i o u s
"
F.  M. P r o p s t  and E. L u s c h e r ,  P h y s . Rev.  132 , 1037 ( 1 9 6 3 ) ;  and 
H. D. H agst ru m,  P hys .  Rev.  89,  244 (1 9 5 3 ) ;  Phys .  Rev.  96,  336 (1 9 5 4 ) ;  
P hys .  Rev.  104,  1516 ( 1 9 5 6 ) ;  Phys .  Rev.  122 , 83 ( 1 9 6 1 ) .
H. B r u i n i n g ,  P h y s i c s  and A p p l i c a t i o n s  o f  S e c o n d a ry  E l e c t r o n  
E m is s io n  (Pergamon P r e s s ,  New York ,  1954)„
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s e c t i o n s ,  s h o u l d  a l s o  p r o v i d e  a more c o h e r e n t  p i c t u r e  o f  s u r f a c e s  and 
s u r f a c e  i n t e r a c t i o n s .
The a p p a r a t u s  i s  shown s c h e m a t i c a l l y  in  F i g ,  2 . 2 7 .  Low en e rg y
(< 200 eV) io n s  o r  e l e c t r o n s  impinge on a s i n g l e  c r y s t a l ,  t u n g s t e n  
8 ml_t a r g e t .  The s c a t t e r e d  or  e j e c t e d  e l e c t r o n s  p a s s  t h r o u g h  a s l o t  i n  t h e  
s h i e l d  and a r e  c o l l e c t e d  by a c o l l e c t o r  o f  t h e  F a r a d a y  cage  o r  o t h e r  
d e s i g n .  Two g r i d s  a t t a c h e d  to  t h e  c o l l e c t o r  make p o s s i b l e  t h e  d i r e c t  
measurement  o f  t h e  e n e rg y  d i s t r i b u t i o n  o f  t h e  e j e c t e d  e l e c t r o n s .  T h i s  
i s  a c c o m p l i s h e d  by m o d u l a t i n g  t h e  e j e c t e d  e l e c t r o n  beam and u s i n g  an AC 
d e t e c t i o n  t e c h n i q u e .
The a z i m u t h a l  a n g l e ,  cp, i s  v a r i e d  by r o t a t i n g  t h e  t a r g e t .  The 
l a t i t u d i n a l  a n g l e ,  0,  i s  v a r i e d  by r o t a t i n g  t h e  c o l l e c t o r .  I n  t h e  c o n ­
f i g u r a t i o n  shown i n  F i g .  2 . 2 7 ,  i n t e r f e r e n c e  b e tw een  t h e  io n  gun and 
c o l l e c t o r  makes measu rement  o f  t h e  d i s t r i b u t i o n  i m p o s s i b l e  f o r  a p p r o x i ­
m a te ly  15° o f  t h e  l a t i t u d i n a l  a n g l e .  I f  i t  i s  found  t h a t  t h e  a n g u l a r  
d i s t r i b u t i o n  does  n o t  depend s i g n i f i c a n t l y  on t h e  a n g l e  o f  i n c i d e n c e  o f  
t h e  ion  beam, a s econd  e x p e r i m e n t a l  c o n f i g u r a t i o n  w i l l  be u s e d .  I n  t h i s
c o n f i g u r a t i o n  t h e  im p in g in g  ion  o r  e l e c t r o n  beam w i l l  be  a t  an a n g l e  o f  
oab o u t  15 r e l a t i v e  t o  a l i n e  normal  t o  t h e  t a r g e t  s u r f a c e .  With t h i s  
a r r a n g e m e n t ,  i t  w i l l  be p o s s i b l e  t o  measu re  t h e  e j e c t e d  e l e c t r o n  i n t e n s i t y  
ov e r  t h e  e n t i r e  21T s t e r a d i a n s . A r o t a r y - m o t i o n  f e e d t h r o u g h  t o  be used  
f o r  F a r a d a y  cage  and t u n g s t e n  t a r g e t  i s  d e s c r i b e d  u n d e r  S e c t i o n  5 . 4 .
8G. T i b b e t t s  and F.  M. P r o p s t ,  Rev.  S c i .  I n s t r .  34^ 1268 (1963)  .
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F a r a d a y  c a g e
R o t a r y
f e e d - t h r u
Ion or  
e l e c t r o n  g u n
R o t a r y  
f e e d  - t h r u
T a r g e t
Fig» 2 . 2 7 o  Sc h e m a t ic  o f  A n g u la r  D i s t r i b u t i o n  Exper iment»
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The vacuum chamber ,  t a r g e t  a s s e m b l y ,  c o l l e c t o r  a s s e m b l y ,  and ion  gun f o r  
t h i s  s y s t e m  have been  c o m p l e t e d . P r e s s u r e s  in  t h e  low 10_1° T o r r  r e g i o n  
have been  a c h i e v e d .  I n i t i a l  t e s t s  o f  t h e  c o m p le t e  s y s t e m  s h o u l d  be
f e a s i b l e  in  t h e  n e x t  two months .
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3« A SURVEY OF GROUPS AND INSTRUMENTATION CONCERNED WITH MEASUREMENT 
OF THE NEUTRAL COMPOSITION OF THE UPPER ATMOSPHERE (1963)
3 , 1  I n t r o d u c t i o n
One o f  t h e  most  i m p o r t a n t  and c h a l l e n g i n g  r e s e a r c h  e f f o r t s  in  
t h e  f i e l d  o f  aeronomy a t  t h e  p r e s e n t  t im e  i s  t h e  measu rement  o f  t h e  
n e u t r a l  and ion  c o m p o s i t i o n  o f  t h e  u p p e r  a tm osphere»  I n  t h e  f o l l o w i n g  
s e c t i o n  we s h a l l  r e s t r i c t  o u r s e l v e s  t o  t h e  d i s c u s s i o n  o f  n e u t r a l  
c o m p o s i t i o n  measurements»
The f i r s t  a t t e m p t  t o  measu re  t h e  a t m o s p h e r i c  c o m p o s i t i o n  w i t h  
a mass s p e c t r o m e t e r  was made by Townsend and c o - w o r k e r s 1 i n  1953» A
T, 2B e n n e t t  mass s p e c t r o m e t e r  was f lown i n  an Aerobee  r o c k e t  ov e r  Whi te  
Sands w i t h  t h e  o b j e c t i v e  b e i n g  t o  m easu re  d i f f u s i v e  s e p a r a t i o n  o f  a tm o ­
s p h e r i c  c o n s t i t u e n t s  by m o n i t o r i n g  t h e  N2 /A r a t i o  as a f u n c t i o n  o f  
h e i g h t . No d i f f u s i v e  s e p a r a t i o n  was d e t e c t e d ,  b u t  a number o f  e r r o r  
s o u r c e s  made t h e  i n t e r p r e t a t i o n  o f  t h e  d a t a  r a t h e r  u n r e l i a b l e »  D e s p i t e  
t h i s  s h o r t c o m i n g ,  i t  was t h e  f i r s t  d e m o n s t r a t i o n  o f  t h e  use  o f  a mass 
s p e c t r o m e t e r  i n  a r o c k e t  e x p e r im e n t»  An improved B e n n e t t  s p e c t r o m e t e r
Owas f l own by t h e  same group  in  1956 and 1958 o v e r  F o r t  C h u r c h i l l »  I n  
t h e s e  f l i g h t s  e v i d e n c e  f o r  d i f f u s i v e  s e p a r a t i o n  a t  a l t i t u d e s  o f  12 0  km 
was o b t a i n e d ,  as w e l l  as q u a l i t a t i v e  d a t a  on t h e  u p p e r  a t m o s p h e r i c  co m p o s i t i o n »
S o c k e t  E x p l o r a t i o n  o f  t h e  Upper  A t m o s p h e r e , e d ,  by Boyd,
S e a t o n ,  and Massey,  I n t e r s c i e n c e  P u b l i s h e r s ,  1954,
2J» W. Townsend,  J r . ,  Rev» Sc i„  I n s t r .  23,  538 ( 1 9 5 2 ) .
3J» W. Townsend,  J r » ,  e t  a l . ,  A o f  t h e  IGY 12, 431 ( I960)»
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Around t h e  same t im e  ( 1 9 5 9 ) s s i m i l a r  e x p e r i m e n t s  were  c o n -
/
d u c t e d  i n  t h e  S o v i e t  Union by Pokhunkov,  who a l s o  used  a B e n n e t t  s p e c ­
t r o m e t e r »  These f l i g h t s  r e v e a l e d  a number o f  t y p i c a l  d i f f i c u l t i e s  t h a t  
a r e  e n c o u n t e r e d  in  t h e  a n a l y s i s  o f  t h e  n e u t r a l  a tmosp here»  The f o l l o w i n g  
e r r o r  s o u r c e s  can be i d e n t i f i e d “
1» No p r e c a u t i o n s  were  t a k e n  t o  d i s c r i m i n a t e  a g a i n s t  b a c k -  
s t r e a m i n g  gas  e n t e r i n g  t h e  i o n i z a t i o n  r e g i o n  and becoming 
io n i z e d »  C o n s e q u e n t l y ,  i t  i s  v e r y  d i f f i c u l t  t o  d e t e r m i n e  
t h e  t r u e  a m b ien t  p r e s s u r e  f rom t h e  ion  c u r r e n t s »
2 o As a d i r e c t  c o n s e q u e n c e  of  ( 1 ) ,  s i z e a b l e  c o n t r i b u t i o n s  f rom 
o u t g a s s i n g  were r e c o r d e d »  Some r e c o r d e d  mass numbers  l i k e  
H^O., and NO were  a t t r i b u t e d  e n t i r e l y  t o  o u t g a s s i n g
and s e c o n d a r y  r e a c t i o n s  t a k i n g  p l a c e  i n  t h e  s p e c t r o m e t e r »
3» No p r e c a u t i o n s  were  t a k e n  t o  p r e v e n t  a to m ic  oxygen from 
h i t t i n g  s u r f a c e s  p r i o r  t o  e n t e r i n g  t h e  i o n i z a t i o n  r e g i o n »  
Hence ,  a s u b s t a n t i a l  r e c o m b i n a t i o n  o f  a tom ic  oxygen migh t  
have o ccu r red »
4» The use  o f  low e n e rg y  i o n i z i n g  e l e c t r o n s  (36 eV) i n t r o ­
duces  a c o n s i d e r a b l e  u n c e r t a i n t y  in t h e  a b s o l u t e  v a l u e s  
of  t h e  n e u t r a l  c o n c e n t r a t i o n s ,  b e c a u s e  t h e  i o n i z a t i o n  c r o s s  
s e c t i o n s  a r e  v e r y  s e n s i t i v e  t o  e n e r g y  i n  t h i s  r ange»  The 
u se  o f  low e n e r g y  i o n i z a t i o n  e n e r g i e s  i s ,  o f  c o u r s e ,  m o t i ­
v a t e d  by t h e  d e s i r e  t o  p r e v e n t  m u l t i p l e  i o n i z a t i o n s »  I t
4 Pokhunkov,  P l a n e t »  Space  Sci» 9,  269 ( 1 9 6 2 ) ;  P l a n e t »  Space 
S c i .  11, 441 ( 1 9 6 3 ) 0
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may be q u e s t i o n a b l e , h o w e v e r , i f  t h e  u n c e r t a i n t y  in  t h e  
i o n i z a t i o n  p r o b a b i l i t y  i s  n o t  l a r g e r  t h a n  t h e  c o n t r i b u ­
t i o n  o f  d o ub ly  i o n i z e d  i o n s ,  a c o n t r i b u t i o n  w h ic h ,  m ore ­
o v e r ,  can  be t a k e n  i n t o  accoun t«
The r e m a i n i n g  p a r t  o f  t h i s  s e c t i o n  w i l l  be  d e v o te d  t o  a d i s ­
c u s s i o n  o f  c u r r e n t  e f f o r t s  on t h e  mass s p e c t r o m e t r i c  m easu rements  o f  
n e u t r a l  c o m p o s i t i o n «  S i n c e  most  o f  t h e s e  e f f o r t s  a r e  n o t  y e t  a v a i l a b l e  
in  t h e  open l i t e r a t u r e ,  v i s i t s  were  a r r a n g e d  t o  t h e  main l a b o r a t o r i e s  
t h a t  a r e  a c t i v e l y  engaged  in  t h i s  f i e l d  o r ,  i n  some c a s e s ,  p r i v a t e  d i s ­
c u s s i o n s  w ere  c o n d u c t e d  w i t h  s c i e n t i s t s  w o rk in g  i n  t h i s  a rea«
3«2 High A l t i t u d e  E n g i n e e r i n g  L a b o r a t o r y ,  Depa r tm en t  o f  A e r o ­
n a u t i c a l  and A s t r o n a u t i c a l  E n g i n e e r i n g ,  U n i v e r s i t y  o f  M ic h ig a n ,  
E» J« S c h a e f e r
T h i s  g roup  s t a r t e d  to  d e v e l o p  a mass s p e c t r o m e t e r  f o r  u se  i n  
s o u n d in g  r o c k e t s  i n  1958» The i n s t r u m e n t  i s  a q u a d r u p o l e  mass s p e c t r o ­
m e te r^  d e s i g n e d  t o  measu re  t h e  n e u t r a l  c o m p o s i t i o n  a t  a l t i t u d e s  above 
100 km where  no d i f f e r e n t i a l  pumping i s  r e q u i r e d »  The q u a d r u p o l e  mass 
s p e c t r o m e t e r  was g i v e n  p r e f e r e n c e  ove r  a m a g n e t i c  one b e c a u s e  i t  i s  
l i g h t e r ,  s i m p l e r  i n  c o n s t r u c t i o n ,  e a s i e r  t o  i n c o r p o r a t e  i n t o  a p a y lo a d  
and w i t h i n  g e n e ro u s  l i m i t s  i n s e n s i t i v e  t o  p r e s s u r e  and i n i t i a l  e n e rg y  o f  
t h e  i o n s „
"*W. P a u l  e t  a l „ , Z. f u r  N a t u r f »  8 a ,  448 (1 9 5 3 ) ;  W» P a u l  and 
M» R a e t h e r ,  Z. f u r  P h y s i k  140,  262 ( 1 9 5 5 ) ;  and W, P a u l  e t  a l  » , Z. f u r  
P h y s i k  152,  143 ( 1 9 5 8 ) .
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The main p a r a m e t e r s  o f  t h e  i n s t r u m e n t  a r e  
L e n g th :  12„75 cm and 1 7 .8  cm
F i e l d  r a d i u s :  0 . 5 2  cm
A p e r t u r e :  0 .081  cm d i a m e t e r  w i t h  an a c c e p t a n c e  a n g l e  o f  5 . 2 5 °
F r e q u e n c y :  2 .3 9  me
r f  v o l t a g e :  500 V a t  mass 40
R e s o l u t i o n  M/AM = 40
r f  power : 3 w a t t s .
The ion  s o u r c e  o p e r a t e s  w i t h  an e l e c t r o n  e m i s s i o n  c u r r e n t  o f  
0 . 4  and 4 ma a t  45 V. 45 V i s  a l s o  t h e  a c c e l e r a t i o n  p o t e n t i a l  f o r  t h e
i o n s .  The f i l a m e n t s  a r e  r h e n iu m ;  t h e  e l e c t r i c a l  s t r u c t u r e  o f  t h e  ion  
s o u r c e  i s  g o l d - p l a t e d  t o  r e d u c e  as much as p o s s i b l e  t h e  r e c o m b i n a t i o n  
o f  a to m ic  oxygen.
The s e p a r a t e d  io n  c u r r e n t  i s  d e t e c t e d  w i t h  an e l e c t r o m e t e r  o f
-1210 amp s e n s i t i v i t y  a t  a 5 ms t im e  c o n s t a n t .  I n  c o n j u n c t i o n  w i t h  t h e
ion s o u r c e  t h i s  c o r r e s p o n d s  t o  a p a r t i a l  p r e s s u r e  o f  i c f 7 T o r r . The
sc a n  r a t e  i s  1 / s e c  and 2 / s e c .  Two modes o f  s c a n n i n g  a r e  employed.  In
t h e  f i r s t  mode, t h e  r f  v o l t a g e  i s  v a r i e d ,  k e e p i n g  t h e  r a t i o  o f  d c - t o - a c
v o l t a g e ,  and t h u s  t h e  w i d t h  o f  t h e  s t a b l e  r e g i o n  c o n s t a n t .  T h i s  r e s u l t s
in  a l i n e - t y p e  mass s p e c t r u m .  I n  t h e  second  mode, t h e  dc v o l t a g e  i s
s w i t c h e d  o f f .  T h i s  r e s u l t s  in  an i n t e g r a t e d  mass s p e c t r u m  in  t h e  s e n s e
t h a t  f o r  a g i v e n  r f  v o l t a g e  a l l  masses  g r e a t e r  t h a n  M r e a c h  t h e  c o l l e c t o r .o
I n  o r d e r  t o  keep  c o n t a m i n a t i o n  from t h e  r o c k e t  t o  a minimum, 
t h e  mass s p e c t r o m e t e r  p ackage  i s  e j e c t e d  from t h e  r o c k e t  a t  an a p p r o ­
p r i a t e  a l t i t u d e .  Most o f  t h e  p r e v i o u s  f a i l u r e s  d u r i n g  f i r i n g s  were due
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t o  a m a l f u n c t i o n i n g  o f  t h i s  e j e c t i o n  mechanism r a t h e r  t h a n  t o  a f a i l u r e  
o f  t h e  mass s p e c t r o m e t e r  i t s e l f »
To d a t e ,  two s u c c e s s f u l  f l i g h t s  have been  p e r fo rm e d  in  1962
£
and 1963» I n  t h e  f i r s t  f l i g h t  d a t a  were c o l l e c t e d  on t h e  n e u t r a l  com­
p o s i t i o n  f o r  100-130 km; i n  t h e  s econd  f l i g h t ,  t h e  r a n g e  was i n c r e a s e d  
t o  190 km» For  t h e  e v a l u a t i o n  o f  t h e  d a t a  on t h e  a tom ic  oxygen c o n c e n ­
t r a t i o n  i t  was assumed t h a t  t h e  c r o s s  s e c t i o n  f o r  i o n i z a t i o n  o f  a tom ic  
oxygen i s  t h e  same as  t h a t  f o r  m o l e c u l a r  oxygen»^ Some u n c e r t a i n t y  
e x i s t e d  as t o  t h e  e x a c t  e n e r g y  o f  t h e  i o n i z i n g  e l e c t r o n s »  T he re  was 
r e a s o n  to  s u s p e c t  t h a t  t h e  a c t u a l  e l e c t r o n  e n e r g y  was somewhat lower  on 
45 V due t o  sp ace  c h a r g e  e f f e c t s »  The c o n t r i b u t i o n  o f  d i s s o c i a t i v e  
i o n i z a t i o n  o f  C>2 t o  t h e  0 + io n  c u r r e n t  was d e t e r m i n e d  e x p e r i m e n t a l l y  in  
t h e  l a b o r a t o r y ,  and a v a l u e  o f  f o u r  p e r  c e n t  o"1" f rom 0 ^ f o r  45 V was 
o b t a in e d »  I n  view o f  t h e  low e l e c t r o n  e n e rg y  o f  45 V and t h e  u n c e r t a i n t y  
t h i s  v a l u e ,  the  comments made e a r l i e r  on t h e  use o f  low e l e c t r o n  e n e r ­
g i e s  f o r  t h e  ion  s o u r c e  a p p l y .
S c h a e f e r  and N i c h o l s ,  COSPAR IV. I n t e r n a t i o n a l  Space  S c i e n c e  
Symposium, Warsaw, P o la n d  ( June  1963) ;  S c h a e f e r ,  J .  G e o p h y s . Res 68  
1175 ( 1 9 6 3 ) .  — ’
W. L . F i t e  and R» T. Brackmann,  Phys» Rev» U 3 ,  815 ( 1 9 5 9 ) ;
E. W. R o th e ,  e t  a l . , Phys» Rev.  125,  582 ( 1 9 6 2 ) 0
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3°3 Space  P h y s i c s  L a b o r a t o r y ,  D epar tm en t  o f  E l e c t r i c a l  Eng i n e e r i n g
Un i v e r s i t y  o f  M ic h ig a n ,  G. R. C a r i g n a n ,  Nagy,  Niemann,  Taeusch
Among v a r i o u s  o t h e r  p r o j e c t s  t h a t  l i e  o u t s i d e  t h e  sco p e  o f  
t h i s  s u r v e y , a v e r y  i n t e r e s t i n g  method has  been  d e s i g n e d  t o  measu re  t h e  
t e m p e r a t u r e  o f  t h e  n e u t r a l  gas  in  t h e  u p p e r  a t m o s p h e r e .
T h i s  method u s e s  an om ega t ron  tu n e d  t o  ^ . From t h e  shape 
o f  t h e  m a s s “ l i n e ,  t h e  t e m p e r a t u r e  o f  N2 can  be d e d u c e d .  The same 
i n f o r m a t i o n  c o u l d ,  o f  c o u r s e ,  be  o b t a i n e d  from t h e  l i n e  sh a p e s  i n  mag- 
n e t i c  d e f l e c t i o n  i n s t r u m e n t s  and a c t u a l l y  r e a c t i o n  e n e r g i e s  b e tw een  
m o l e c u l a r  s p e c i e s  have been  measured  in  t h i s  way,  b u t  t h i s  would be 
much more d i f f i c u l t  i n  a r o c k e t  e x p e r i m e n t  t h a n  by u s i n g  an om ega t ron .  
S i n c e  o n ly  one mass number i s  m o n i t o r e d ,  t h e  u s u a l  d i f f i c u l t i e s  a s s o ­
c i a t e d  w i t h  the  use  o f  om ega t rons  as mass s p e c t r o m e t e r s  or  p a r t i a l  
p r e s s u r e  a n a l y z e r s  a r e  t o  a g r e a t  e x t e n t  e l i m i n a t e d .
I t  i s  p l a n n e d  t o  u se  t h e  o m e g a t ro n ,  however ,  f o r  t h e  m e a s u r e ­
ment o f  n e u t r a l  gas  c o m p o s i t i o n  i n  t h e  lower  a t m o s p h e r e ,  b u t  no f l i g h t s  
have been  pe r fo rm e d  so f a r .
3 -4  B e l l  & Howel l  R e s e a r c h  C e n t e r ,  P a s a d e n a ,  C a l i f o r n i a ,
Wo M. B ru b a k e r
Two q u a d r u p o l e  mass s p e c t r o m e t e r s  have  be en  d e v e lo p e d  which 
w i l l  be r e f e r r e d  t o  as  BH I  and BH I I .  BH I  i s  a s m a l l  s p e c t r o m e t e r  
d e s i g n e d  f o r  A. F.  C. R. L. i n  c o o p e r a t i o n  w i t h  R. N a r c i s i  f o r  t h e  meas­
u rem en t  o f  n e u t r a l  and ion  c o m p o s i t i o n  i n  t h e  r e g i o n  from 70 km up.
The h ig h  am bien t  p r e s s u r e  i n  t h e  D r e g i o n  n e c e s s i t a t e s  t h e  use  o f  d i f ­
f e r e n t i a l  pumping t e c h n i q u e s  t o  m a i n t a i n  a low enough p r e s s u r e  in  t h e
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mass s p e c t r o m e t e r  (~ 1 0 "4  T o r r ) ,  T h i s  i s  a c h i e v e d  by t h e  use  o f  a 
l i q u i d  n i t r o g e n - c o o l e d  z e o l i t e  t r a p  t h a t  a c t s  as a c r y o g e n i c  pump w i t h  
an e q u i v a l e n t  pumping sp eed  o f  t h e  o r d e r  o f  100 l i t e r s / s e c  a t  10~4  T o r r  
and 50 l i t e r s /  sec  a t  10 2 T o r r „
The i n s t r u m e n t  i t s e l f  has  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s  
L e n g t h : 7 .6  cm
F i e l d  r a d i u s :  0 .3 8  cm
A p e r t u r e :  0 .0 3 8  cm d i a m e t e r
r f  v o l t a g e :  310 V a t  mass 44
F r e q u e n c y :  6 me
r f  power:  4 . 5  w a t t s
A c c e l e r a t i o n  v o l t a g e :  125 V
R e s o l u t i o n :  10% be tween  peaks  a t  mass 16
Ion  s o u r c e :  C u r r e n t  0 .5  ma; V o l t a g e  235 V.
The c h o i c e  o f  a h i g h e r  a c c e l e r a t i o n  v o l t a g e  f o r  t h e  i o n i z e d  
e l e c t r o n s  makes t h e  c r o s s  s e c t i o n  f o r  i o n i z a t i o n  much l e s s  s e n s i t i v e  t o  
t h e  e l e c t r o n  e n e r g y  t h a n  in  S c h a e f e r ' s  d e s i g n .
The e l e c t r o m e t e r  has  a l o g a r i t h m i c  r e s p o n s e  f rom l o ” 12 t o  
-710 amps w i t h  a t ime  c o n s t a n t  o f  10 m i l l i s e c o n d s „ The ion  s o u r c e  i s  
d e s i g n e d  t o  have a h i g h  s e n s i t i v i t y  t o  incoming  m o l e c u l e s ,  b u t  a v e ry  
low s e n s i t i v i t y  t o  b a c k s t r e a m i n g  g a s .  The i n s t r u m e n t  has  had one 
s u c c e s s f u l  f l i g h t  so  f a r .
BH I I  i s  a q u a d r u p o l e  mass s p e c t r o m e t e r  f o r  u se  in  s a t e l l i t e s .  
I t  i s  2 5 .4  cm long and has  a f i e l d  r a d i u s  o f  1 .52  cm. I t  i s  d e s i g n e d  as 
an ion  mass s p e c t r o m e t e r ;  no ion  s o u r c e  i s  p r o v i d e d  in  f l i g h t .  No a c t u a l  
f l i g h t s  have been  p e r f o r m e d .
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-  Systems C o r p o r a t i o n ,  M onrov ia ,  C a l i f o r n i a ,  L. H a l l
Thre e  d i f f e r e n t  mass s p e c t r o m e t e r s  f o r  n e u t r a l  c o m p o s i t i o n  
measurement  have been  d e s i g n e d  or  a r e  un d e r  d e s i g n  a t  CSC:
1» A d o u b l e  f o c u s i n g  m a g n e t i c  s p e c t r o m e t e r  t h a t  i s  p r e s e n t l y  
b e i n g  f lown on E x p l o r e r  XVII;
2 ° A q u a d r u p o l e  s p e c t r o m e t e r  f o r  u se  in  so u n d in g  r o c k e t s ;
3o A q u a d r u p o l e  s p e c t r o m e t e r  f o r  t h e  measurement  o f  t h e  
m a r t i a n  a t m o s p h e r i c  c o m p o s i t i o n ,
1. The d o u b le  f o c u s i n g  i n s t r u m e n t  u s e s  m a g n e t i c  and e l e c t r i c  d e f l e c t i o n  
t e c h n i q u e s  i n  o r d e r  t o  fo c u s  ions  o f  d i f f e r e n t  e n e rg y  o n to  t h e  c o l l e c t o r .  
In  t h i s  i n s t r u m e n t  t r a n s v e r s e  e n e r g i e s  o f  12 eV can  be a c c e p t e d .  The 
ion  s o u r c e  o p e r a t e s  a t  a v o l t a g e  o f  45 V and 0 ,5  ma e m i s s i o n  c u r r e n t .
The minimum d e t e c t a b l e  p a r t i a l  p r e s s u r e  i s  o f  t h e  o r d e r  o f  l o " ^  T o r r ,
T h i s  h ig h  s e n s i t i v i t y  i s  a c h i e v e d  t h r o u g h  t h e  use  o f  long  i n t e g r a t i o n  
t im es  in  t h e  e l e c t r o m e t e r .  The s c a n  r a t e  i s  t h u s  l i m i t e d  t o  1/min which 
i s  s h o r t  enough f o r  s a t e l l i t e s .  P r e l i m i n a r y  r e s u l t s  f o r  E x p l o r e r  XVII 
i n d i c a t e d  t h a t  e x c e s s i v e  amounts o f  were d e t e c t e d ,  an e f f e c t  which 
was t e n t a t i v e l y  a t t r i b u t e d  t o  an o u t g a s s i n g  o f  t h e  t i t a n i u m  e l e c t r o d e s  
use d  in  t h e  ion  s o u r c e ,
2,  The q u a d r u p o l e  s p e c t r o m e t e r  i s  s t i l l  i n  t h e  d e v e l o p m e n t a l  s t a g e .  The 
main c h a r a c t e r i s t i c s  a r e
L en g th :  2 0 ,2  cm
F i e l d  r a d i u s :  0 ,7 5  cm
A p e r t u r e :  0 ,0 5  cm d i a m e t e r
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r f  v o l t a g e »  400 V 
F r e q u e n c y : l » 3 - 3 „ 0  me
R e s o l u t i o n “ 1% be tween  peaks  a t  mass 20 
A c c e l e r a t i o n  v o l t a g e ;  20 V.
/
The ion  s o u r c e  has  a s e n s i t i v i t y  o f  10 amp/Torr  and o p e r a t e s  
w i t h  an e m i s s i o n  c u r r e n t  o f  0»5 ma. C o n t r a r y  t o  t h e  p r e v i o u s l y  d e s c r i b e d  
q u a d r u p o l e  s p e c t r o m e t e r s s t h i s  i n s t r u m e n t  u t i l i z e s  a f r e q u e n c y  sc a n  
r a t h e r  t h a n  a v o l t a g e  scan» The f r e q u e n c y  i s  v a r i e d  i n  s t e p s ,  c o r r e s p o n d ­
ing t o  d i s c r e t e ,  p r e s e l e c t e d  mass n u m b e r s 0 T h i s  r e q u i r e s  t h a t  t h e  r f  
v o l t a g e  i s  k e p t  c o n s t a n t  d u r i n g  t h e  s c a n  and f e e d b a c k  r e g u l a t i o n  must  
be p rovided , ,  G r e a t  c a r e  has  been  t a k e n  t o  a s s u r e  t h a t  t h e  mass peaks 
a r e  f l a t - t o p p e d ,  so t h a t  abundance  r a t i o s  can  be measu red r e l i a b l y »
T h i s  c o n d i t i o n  i s  r e a l i z e d  f o r  e n t r a n c e  a n g l e s  o f  + 3°»
\
3o The m a r t i a n  a tm o s p h e re  i n s t r u m e n t  i s  s i m i l a r  t o  t h e  p r e v i o u s  one ,  
e x c e p t  t h a t  i t  i s  s i x  i n c h e s  long  and has  a f i e l d  r a d i u s  o f  0»5 cm. The 
d i s c r e t e  f r e q u e n c y  s c a n  has  a g r e a t  a d v a n t a g e  f o r  t h i s  mode l ,  b e c a u s e  i t  
r e s u l t s  in  a c o n s i d e r a b l e  s a v i n g  in  t e l e m e t r y  b a n d w id th ,  which  i s  an 
i m p o r t a n t  f a c t o r  in  t h e  t r a n s m i s s i o n  o f  d a t a  e v e r  i n t e r p l a n e t a r y  d i s t a n c e s »
3 ^6 G eophys ic s  C o r p o r a t i o n  o f  Amer ica  (GCA), B e d f o r d ,  M a s s a c h u s e t t s ,
R. F.  K. Herzog,, F .  F.  Marmo
A h e l iu m  mass s p e c t r o m e t e r  i s  b e i n g  d e v e lo p e d  which u t i l i z e s  
two 90° m a g n e t i c  d e f l e c t i o n  s e c t o r s  i n  o r d e r  to  r e d u c e  s c a t t e r e d  ion  
c u r r e n t s  and make t h e  measu rement  o f  e x t r e m e l y  low h e l i u m  c o n c e n t r a ­
t i o n s  f e a s i b l e »  The o b j e c t i v e  o f  t h i s  i n s t r u m e n t  i s  t o  measure  t h e
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he 1 i u m - t o - a r g o n  abundance  r a t i o  in  o r d e r  t o  d e t e r m i n e  a c c u r a t e l y  t h e  
s e p a r a t i o n , The i n s t r u m e n t  i s  t o  be f low n  in  an Aerobee 
r o c k e t ,  b u t  no a c t u a l  f l i g h t  has  been  p e r fo rm e d  so f a r ,
3° 7 Univ e r s i t y  o f  M i n n e s o t a ,  M i n n e a p o l i s ,  M i n n e s o t a ,  A. 0 ,, N i e r ,
A s m a l l  d o u b l e  f o c u s i n g  m a g n e t i c  mass s p e c t r o m e t e r  was d e ­
v e l o p e d  a t  t h e  U n i v e r s i t y  o f  M in n e s o t a  f o r  p o s s i b l e  u se  i n  r o c k e t  f l i g h t s  
T h i s  i n s t r u m e n t , t o g e t h e r  w i t h  a small.  90 m a g n e t i c  s p e c t r o m e t e r ,  was 
f lown s u c c e s s f u l l y  i n  J u n e ,  1963« A v a c - i o n  pump i s  i n c o r p o r a t e d  i n t o  
t h e  p a y lo a d  to  p r o v i d e  d i f f e r e n t i a l  pumping.  A l th o u g h  t h e  f i l a m e n t  o f  
t h e  d o u b le  f o c u s i n g  i n s t r u m e n t  f a i l e d  in  f l i g h t ,  t h e  s i n g l e  f o c u s i n g  
i n s t r u m e n t  gave a w e a l t h  o f  d a t a .  A l th o u g h  t h e  r e s u l t s  have n o t  y e t  
been  p u b l i s h e d ,  t h e  p r e l i m i n a r y  d a t a  p r e s e n t e d  a t  t h e  Aeronomy C o n f e r e n c e  
in  Urbana i n d i c a t e d  t h a t  t h e s e  a r e  p r o b a b l y  t h e  b e s t  d a t a  o b t a i n e d  so 
f a r  in  t h e  r a n g e  95-200  km,
3 , 8  C o n c l u s i o n s
As i n d i c a t e d  e a r l i e r ,  t h i s  a c t i v i t y  must  be c o n s i d e r e d  an 
a t t e m p t  on t h e  p a r t  o f  t h i s  l a b o r a t o r y  t o  become d i r e c t l y  f a m i l i a r  w i t h  
t h e  many e f f o r t s  in  t h i s  f i e l d .  Most o f  t h e  a c t i v i t y  in  t h i s  d i r e c t i o n  
c o n s i s t e d  o f  r e v i e w i n g  t h e  l i t e r a t u r e  and making v i s i t a t i o n s  t o  a number 
o f  t h e  most  a c t i v e  programs i n  t h i s  c o u n t r y ' s  aeronomy e f f o r t .  I t  was
Q ———— ——
A, 0.  N i e r ,  e t  a l . ,  Rev,  S c i ,  I n s t r ,  31 ,  1127 ( I 9 6 0 ) ,
9A, 0 ,  N i e r ,  e t  a 1 , ,  C o n f e r e n c e  on D i r e c t  Aeronomic M easu re ­
ments  in  t h e  I o n o s p h e r e ,  O c to b e r  1963,  U rbana ,  I l l i n o i s ,
I l l
our  e x p e r i e n c e  t h a t  t h e  v i s i t s  and c o n v e r s a t i o n s  had a b e n e f i c i a l  e f f e c t  
w e l l  beyond t h e  c o l l e c t i o n  o f  i n f o r m a t i o n .  Most o f  t h e  s c i e n t i s t s  v i s i t e d  
seemed t o  welcome t h e  o p p o r t u n i t y  t o  exchange  v iews as w e l l  as i n f o r m a t i o n  
and found i t  ea sy  t o  do so w i t h  a g roup  whose o b j e c t i v e s  were  i n  no s e n s e  
c o m p e t i t i v e  o r  d i r e c t l y  o v e r l a p p i n g  t h e i r  own. Thus,  i n  an i m p o r t a n t  
s e n s e ,  an i n t e g r a t i o n  and exchange  p r o c e s s  seemed t o  be t a k i n g  p l a c e  in  
t h e  c o u r s e  o f  t h i s  a c q u i s i t i o n  o f  i n f o r m a t i o n .
I t  i s  a p p a r e n t  f rom t h e  p r e v i o u s  d i s c u s s i o n  t h a t  a number o f  
d i f f i c u l t i e s  a r e  e n c o u n t e r e d  when mass s p e c t r o m e t e r s  a r e  u sed  f o r  t h e  
measu rement  o f  the  n e u t r a l  c o m p o s i t i o n  in  r o c k e t s  and s a t e l l i t e s .  S e v e r a l  
o f  t h e s e  d i f f i c u l t i e s  can  be a v o id e d  or  e l i m i n a t e d  by a c a r e f u l  d e s i g n  
o f  t h e  mass s p e c t r o m e t e r  and th e  p a y l o a d .  The m easu rements  by N i e r  a r e  
p r o b a b l y  a good example o f  t h e  e l i m i n a t i o n  o f  p rob lems t h r o u g h  c a r e f u l  
e n g i n e e r i n g .
There  a r e ,  however ,  more b a s i c  p rob lem s  t h a t  r e q u i r e  a d d i t i o n a l  
work in  t h e  l a b o r a t o r y .  Some o f  t h e s e  a r e
1. More d a t a  a r e  needed  on i o n i z a t i o n  c r o s s  s e c t i o n s ,  in  
p a r t i c u l a r  f o r  low e n e r g i e s  and a tom ic  s p e c i e s .  C ro ss  
s e c t i o n s  f o r  d o u b le  i o n i z a t i o n  a r e  needed f o r  a l m o s t  a l l  
a t m o s p h e r i c  c o n s t i t u e n t s .
2.  More i n f o r m a t i o n  i s  needed on the  i n t e r a c t i o n  o f  a tom ic  
oxygen w i t h  s u r f a c e s .
3 .  Data  on t h e  i n t e r a c t i o n  o f  h ig h  e n e rg y  n e u t r a l  m o le c u le s  
w i t h  s u r f a c e s  s h o u l d  be o b t a i n e d  in  o r d e r  t o  g e t  more 
r e l i a b l e  v a l u e s  f o r  t h e  accommodat ion  c o e f f i c i e n t s .
112
4„ T h e o r e t i c a l  and e x p e r i m e n t a l  s t u d i e s  on t h e  h y p e r s o n i c  
f low around  r o c k e t s  and i t s  i n f l u e n c e  on t h e  sa m p l in g  o f  
n e u t r a l  p a r t i c l e s  and ions  a r e  n e c e s s a r y  f o r  t h e  p r o p e r  
i n t e r p r e t a t i o n  o f  d a t a  a t  low a l t i t u d e s .
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4o PUMPING SPEEDS OF GETTER-ION PUMPS AT LOW PRESSURES 
4„1 I n t r o d u c t i o n
G e t t e r - i o n  pumps have been  use d  f o r  ab o u t  10 y e a r s  t o  o b t a i n
low p r e s s u r e s »  I t  i s  w e l l  known t h a t  t h e  pumping speed  o f  t h e s e  pumps
i s  f a i r l y  c o n s t a n t  o v e r  t h e  p r e s s u r e  r a n g e  from 10~^ t o  ab o u t  10~8 T o r r .
For  s m a l l  pumps, no d a t a  have  been  p u b l i s h e d  on t h e i r  pumping speed  
“8 1below 10 T o r r .  R u t h e r f o r d  measured  d i s c h a r g e  i n t e n s i t i e s  I / P  ( I  =
pump c u r r e n t ,  P = p r e s s u r e )  down t o  10 ^  T o r r .  From t h e  a s s u m p t io n
t h a t  t h e  number o f  m o l e c u l e s  or  atoms pumped p e r  e l e c t r i c  c h a r g e  ( P S / I )
i s  a b a s i c  p r o p e r t y  o f  t h e  pump and i n d e p e n d e n t  o f  p r e s s u r e ,  he c a l c u l a t e s
ot h e  pumping s p e e d ,  S,  f rom t h e  d i s c h a r g e  i n t e n s i t y  l / P .  K l o p f e r  and 
3Davis  e s t i m a t e d  S from t h e  p r e s s u r e  r i s e  a f t e r  t u r n i n g  o f f  t h e  pump 
a t  v e r y  low p r e s s u r e s .
S a t u r a t i o n  in  g e t t e r - i o n  pumps has  be en  o b s e r v e d  by s e v e r a l
4a u t h o r s .  5 We know o f  no work  in  which  pumping sp e e d s  a t  c o n s t a n t  
p r e s s u r e  have been measure d  as a f u n c t i o n  o f  t i m e .  Under n o n - e q u i l i b r i u m
S.  L. R u t h e r f o r d ,  T r a n s .  AVS Vac. Symp. TO, 185 ( 1 9 6 3 ) .
2A. K l o p f e r ,  Vacuum techn ik  K), 113 ( 1 9 6 1 ) .
3W. D. D a v i s ,  T r a n s .  AVS Vac.  Symp. 9,  363 ( 1 9 6 2 ) .
4N. M i l l e r o n  and F.  S.  R e i n a t h ,  T r a n s .  AVS Vac.  Symp. £ ,  356 
5W. A. G r a n t  and G. C a r t e r ,  Vacuum 15, 477 ( 1 9 6 5 ) .
( 1 9 6 2 ) .
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c o n d i t i o n s ,  e . g . ,  pumpdown o f  a s y s t e m ,  i t  i s  d i f f i c u l t  t o  s e p a r a t e  t h e  
i n f l u e n c e  o f  t h e  r e s t  o f  t h e  s y s t e m  from  t h a t  o f  t h e  pump.
The f i r s t  g o a l  o f  t h i s  work was t o  m easu re  S and I / P  f o r  a 
s m a l l  g e t t e r - i o n  pump down t o  v e r y  low p r e s s u r e s  f o r  d i f f e r e n t  g a s e s .
The second  g o a l  was t o  s t u d y  s a t u r a t i o n  e f f e c t s  by m e a s u r in g  t h e  pumping 
speed  as a f u n c t i o n  o f  t ime  a t  c o n s t a n t  p r e s s u r e s  f o r  a d i o d e -  and a 
t r i o d e - t y p e  pump0
4 . 2  Method and A p p a r a t u s
f)The pumping sp eed  was m easu red  w i t h  t h e  tw o-gauge  method 
( p r e s s u r e  d ro p  a lo n g  a known c o n d u c t a n c e ) .  F i g u r e  4 . 1  shows t h e  a p p a r a t u s  
s c h e m a t i c a l l y .  The f o r m u la s  a r e :
P -P1 2 ~S = G, ° ~ ~  = m 1 P2 - P Q 1 i f  P2 »  PQ , ( 4 . 1 )
( 4 . 2 )
where = measu red  pumping sp eed  a t  Gauge Two (P2 ) ,
S = pumping sp eed  o f  g e t t e r - i o n  pump t a k i n g  i n t o  c o n s i d e r a t i o n  
c o n d u c t a n c e  G2 ,
G^ = c o n d u c t a n c e  be tw een  Gauge One and Gauge Two,
G2 = c o n d u c t a n c e  be tw een  Gauge Two and pump,
P f j  ^2  = Pr e s s u r e s  i n  Gauge One and Gauge Two, r e s p e c t i v e l y ,
Pq = u l t i m a t e  p r e s s u r e  o f  pump as m easured  by Gauge Two.
L. A. L a n d f o r s  and M. H. H a b l a n i a n ,  T r a n s .  AVS Vac.  Symp. 5
22 (1 9 5 8 ) .
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Mass spectrometer
F i g .  4 . 1 .  A S c h e m a t ic  R e p r e s e n t a t i o n  o f  t h e  Vacuum Sys tem Used f o r  
Pumping Speed E x p e r i m e n t s .
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The pumps used  in  t h i s  e x p e r i m e n t  were  c om m erc ia l  d i o d e  and 
t r i o d e  g e t t e r - i o n  pumps. The d i o d e ,  which  was r a t e d  a t  15 i / s e c  f o r  
n i t r o g e n ,  was o p e r a t e d  a t  7 . 2  kV in  a m a g n e t i c  f i e l d  o f  1400 Gauss« The 
t r i o d e  was r a t e d  a t  8 X / s e c .  The v o l t a g e  f o r  t h e  t r i o d e  was 5 kV, t h e  
m a g n e t i c  f i e l d  1350 Gauss«
The vacuum s y s t e m  (Fig« 4 . 1 )  was made from P y re x  g l a s s  (C orn ing
7740) and had a volume o f  a b o u t  two l i t e r s .  A t w o - s t a g e  f r a c t i o n a t i n g
o i l - d i f f u s i o n  pump (CVC G F -2 0 ) ,  f i l l e d  w i t h  Monsanto OS-124 o i l ,  pumped
t h e  s y s t e m  to  v e r y  low p r e s s u r e s  b e f o r e  t h e  g e t t e r - i o n  pump was s t a r t e d .
An o p t i c a l l y  dense  z e o l i t e  t r a p  f i l l e d  w i t h  L inde  13 X m o l e c u l a r  s i e v e
a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e  p r e v e n t e d  b a c k s t r e a m i n g  o i l  f rom  g e t t i n g
i n t o  t h e  s y s te m .  A o n e - h a l f  i n c h  G r a n v i l l e - P h i l l i p s  v a l v e  s e p a r a t e d  t h e
t r a p  and d i f f u s i o n  pump from t h e  r e s t  o f  t h e  s y s t e m  d u r i n g  t h e  pumping
sp eed  m easu rem en ts .  T h i s  v a l v e  was a l s o  n e c e s s a r y  f o r  p r o p e r  sy s t e m
p r o c e s s i n g  ( s e e  b e l o w ) .  With  t h i s  v a l v e  c l o s e d ,  i t  was p o s s i b l e  t o  open
t h e  r e s t  o f  t h e  s y s t e m  up t o  a i r  w i t h  t h e  d i f f u s i o n  pump r u n n i n g .  T o t a l
p r e s s u r e  measu rements  were  made w i t h  B a y a r d - A l p e r t  gauges (WL-5966) and ,
in  some c a s e s ,  w i t h  Schuemann p h o t o c u r r e n t  s u p p r e s s o r  g a u g e s . ^  P a r t i a l
p r e s s u r e  measurements  were made w i t h  a 90° m a g n e t i c  d e f l e c t i o n  t y p e  mass
8s p e c t r o m e t e r .  Gas was a d m i t t e d  f rom one l i t e r  L inde  f l a s k s  t h r o u g h  a 
o n e - h a l f  inch  G r a n v i l l e - P h i l l i p s  v a l v e  and a l e a k  v a l v e .  The l a t t e r  was
7W. C. Schuemann,  Rev,  S c i .  I n s t r .  34,  700 ( 1 9 6 3 ) .
8W. D. Dav is  and T. A. V a n d e r s l i c e ,  T r a n s .  AVS Vac.  Symp. 7 
417 (1 9 6 0 ) .
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o p e r a t e d  by a G r a n v i l l e - P h i l l i p s  a u t o m a t i c  p r e s s u r e  c o n t r o l l e r  which 
k e p t  t h e  p r e s s u r e  c o n s t a n t  w i t h i n  a few p e r c e n t .
Sys tem  p r o c e s s i n g  f o l l o w e d  t h e  p r o c e d u r e  d e s c r i b e d  by
9S i n g l e t o n  and Lange,  A f t e r  any g l a s s b l o w i n g ,  t h e  p a r t  o f  t h e  s y s t e m  
which  was exposed  t o  a i r  was f i r s t  r o u g h e d  w i t h  a forepump.  When t h e  
s y s t e m  was a t  ~ 1 0  T o r r ,  t h e  pump was s e a l e d  o f f  and t h e  v a l v e  t o  t h e  
d i f f u s i o n  pump was opened  f o r  a few h o u r s .  Then t h e  v a l v e  was c l o s e d  
a g a i n  and t h e  t r a p  baked  f o r  ab o u t  f o u r  h o u r s  a t  350°C.  The v a l v e  and 
t h e  g l a s s  t u b i n g  b e tw een  v a l v e  and t r a p  were  k e p t  a t  150°C. A f t e r  
b a k e o u t ,  t h e  t r a p  was immersed in  l i q u i d  n i t r o g e n ,  t h e  v a l v e  op ened ,  
and t h e  s y s t e m  baked f o r  h a l f  a day a t  350 C. The gauges were  t h e n  
o u t g a s s e d  a t  50 w a t t s  g r i d  bombardment  power f o r  ab o u t  s i x  h o u r s .
Again  t h e  v a l v e  was c l o s e d ,  t h e  t r a p  baked as b e f o r e  and t h e n  c o o l e d  
a g a i n .  The p r e s s u r e  d ro p p ed  t o  t h e  low 10 T o r r  r a n g e  w i t h i n  an 
hour  a f t e r  o p e n in g  t h e  v a l v e .  The g e t t e r - i o n  pump was f i n a l l y  s t a r t e d  
and t h e  v a l v e  t o  t h e  d i f f u s i o n  pump c l o s e d .
Pumping s p e e d s  a t  c o n s t a n t  p r e s s u r e  were  r e c o r d e d  over  a 
p e r i o d  o f  one day .  A f t e r  e v e r y  m easu rem en t ,  t h e  s y s t e m  was p r o c e s s e d .  
The whole  p r e s s u r e  r a n g e  (~10 T o r r  t o  10 ^ T o r r )  was i n v e s t i g a t e d  
by c h a n g i n g  t h e  p r e s s u r e  in  s t e p s  of  a f a c t o r  t h r e e  or  f o u r .
I n  g e n e r a l ,  no a t t e m p t  was made to  r e g e n e r a t e  th e  pump 
b e f o r e  a pumping s p e e d  measu rement  e x c e p t  t o  bake  i t .  When pumping 
h e l i u m  f o r  one day a t  p r e s s u r e s  o f  10 T o r r  or  h i g h e r ,  however ,  s t r o n g
J .  H. S i n g l e t o n  and W. J .  L ange ,  J .  Vac.  S c i .  T e c h n o l .  2 ,  93( 1 9 6 5 ) o
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s a t u r a t i o n  was fo u n d .  A f t e r  t h e  pumping sp eed  measu rement  w i t h  h e l i u m ,  
t h e  pump was bombarded w i t h  n i t r o g e n  f o r  one hour  a t  a p r e s s u r e  such 
t h a t  50 w a t t s  power was d i s s i p a t e d .  D u r in g  t h i s  bombardment  t h e  v a l v e  
t o  t h e  d i f f u s i o n  pump was k e p t  op en .  A f t e r  t h i s  d i s c h a r g e  c l e a n i n g  
f o l l o w e d  by b a k e o u t ,  t h e  r e - e m i s s i o n  o f  h e l i u m  was s e e n  t o  be v e r y  low 
even  d u r i n g  pumping o f  a n o t h e r  g a s .  The c l e a n u p  p r o c e s s  and t h e  b e h a v i o r  
o f  t h e  pump a f t e r w a r d  was f o l l o w e d  w i t h  t h e  mass s p e c t r o m e t e r .
C u r r e n t  m easu re ments  f o r  t h e  d i o d e  pump were  made on t h e
gro und  r e t u r n  s i d e .  A s h i e l d e d  box w i t h  b a t t e r i e s  p r o v i d e d  7 . 2  kV.
The c a b l e  t o  t h e  pump was d o u b le  s h i e l d e d .  Under  low h u m i d i t y  c o n d i t i o n s ,
t h e  l e a k a g e  c u r r e n t  w i t h  t h e  pump e l e c t r i c a l l y  c o n n e c t e d  was below 
-121x10 A. Fo r  c u r r e n t s  l a r g e r  t h a n  a few m i c r o a m p e r e s ,  a r e g u l a r  pump 
power s u p p l y  was u s e d .
F i e l d  e m i s s i o n  c u r r e n t s  i n  t h e  t r i o d e  pump r e a c h e d  v a l u e s  o f  
a few h undred  m i c r o a m p e r e s „ I t  was i m p o s s i b l e  t o  s u b t r a c t  t h e s e  c u r r e n t s  
b e c a u s e  t h e y  changed  r a p i d l y  The d i o d e  showed f i e l d  e m i s s i o n  up t o  a 
few m ic r o a m p e r e s ,  b u t  o n ly  when pumping n i t o r g e n ,  and even i n  t h i s  c a s e  
o n ly  o c c a s i o n a l l y o  A s t r a i g h t  l i n e  on a F o w le r -N o rd h e im  p l o t  was c o n ­
s i d e r e d  a c l e a r  i n d i c a t i o n  o f  f i e l d  e m i s s i o n .  I n  t h e  d i o d e  pump t h e  
w h i s k e r s  r e s p o n s i b l e  f o r  f i e l d  e m i s s i o n  c o u l d  be f l a t t e n e d  by a p p l i c a t i o n  
o f  an o v e r v o l t a g e  o f  20 t o  25 kV. To g e t  s t i l l  lower  f i e l d  e m i s s i o n  
c u r r e n t s ,  n i t r o g e n  was a d m i t t e d  a t  1 0 ’ 5 T o r r  w i t h  t h e  o v e r v o l t a g e  a p p l i e d .  
S h o r t  s t a r t i n g  t im e s  i n  t h e  p r e s e n c e  o f  f i e l d  e m i s s i o n  were  o b s e r v e d  a t  
low p r e s s u r e s  due t o  t h e  abundance  o f  e l e c t r o n s .
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The two-gauge method r e q u i r e s  o n l y  p r e s s u r e  r a t i o s  t o  be 
m e a s u r e d . No a b s o l u t e  p r e s s u r e  c a l i b r a t i o n  was t h e r e f o r e  made. Gauge 
Two was our  s t a n d a r d ,  and t h e  s e n s i t i v i t y  o f  Gauge One compared t o  
Gauge Two was d e t e r m i n e d  w i t h  h e l i u m  o v e r  a wide  p r e s s u r e  r a n g e .  The 
d i f f e r e n c e  i n  s e n s i t i v i t y  n e v e r  e x c e e d e d  10  p e r  c e n t  and was t a k e n  i n t o  
a c c o u n t  f o r  t h e  pumping sp eed  c a l c u l a t i o n s .  The c o n d u c t a n c e  t o  t h e  
gauges was i n c r e a s e d  t o  a b o u t  15 ¿ / s e c  f o r  n i t r o g e n  by a t t a c h i n g  a one 
inch  t u b u l a t i o n  to  them. Io n  c u r r e n t s  i n  t h e  gauges were  measu red  w i t h  
K e i t h l e y  m ic rom icro am m eters  which  were  a c c u r a t e  w i t h i n  a few p e r  c e n t  
as compared w i t h  a c o n s t a n t  c u r r e n t  s o u r c e .  The d i f f i c u l t i e s  o f  m eas ­
u r i n g  hydrogen  p r e s s u r e s  w i t h  h o t  f i l a m e n t  i o n i z a t i o n  gauges a r e  
e n u m e ra te d  i n  s e v e r a l  p a p e r s  by H i c k m o t t .  An enhanced  pumping r a t e  
f o r  hyd ro g en  was o b s e r v e d  in  t h e  p r e s e n c e  o f  a h o t  f i l a m e n t  (T > 1100°K) 
due t o  d i s s o c i a t i o n  o f  h y d ro g e n .  The pumping sp eed  o f  g l a s s  o r  m e t a l  
w a l l s  f o r  a tom ic  hydro gen  i s  v e r y  l a r g e .  To a v o id  d i s s o c i a t i o n ,  low 
t e m p e r a t u r e  f i l a m e n t s  have t o  be used  i n  g a u g e s .  U n f o r t u n a t e l y ,  t h e  
ion  gauges u sed  f o r  t h e s e  m easurem ents  had o n ly  r e g u l a r  t u n g s t e n  f i l a m e n t s .  
The e m i s s i o n  c u r r e n t  i n  t h e  gauges was h e l d  a t  1 mA f o r  t h e  hydrogen  
m easu rements  compared t o  10 mA f o r  n i t r o g e n  and h e l iu m .  Pumping sp eed  
measu rements  f o r  t h e  c l e a n  s y s t e m  w i t h  t h e  pump c u r r e n t  o f f  showed 
v a l u e s  o f  a b o u t  one ¿ / s e c  f o r  h y d ro g e n  and .15 ¿ / s e c  f o r  n i t r o g e n  f o r  
t im e s  up t o  one day and a t  d i f f e r e n t  p r e s s u r e s .  These  v a l u e s  were
10T. W. H ic k m o t t ,  J .  Vac.  S c i .  T e c h n o l .  2,  257 ( 1 9 6 5 ) ,  T h i s  
a r t i c l e  g i v e s  a number o f  r e f e r e n c e s .
s u b t r a c t e d  from t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  pump c u r r e n t  on» The 
s y s t e m  was a l lo w e d  t o  r e a c h  an e q u i l i b r i u m  b e f o r e  measu rements  were
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made »
The c o n d u c t a n c e  Gx was .5  ¿ / s e c ,  and G2 ab o u t  15 ¿ / s e c  f o r  
n i t r o g e n »  The e r r o r  in  d e t e r m i n i n g  t h e s e  v a l u e s  i s  l e s s  t h a n  10 p e r  
c e n t  f o r  l e s s  t h a n  20 p e r  c e n t  f o r  G2 « As can  be s e e n  from
fo r m u la  ( 4 » 2 ) ,  e r r o r s  in  G ? have  an i n f l u e n c e  on S i f  S i s  o f  t h e  same 
o r d e r  o f  m agn i tude  as G2 » T h i s  i s  t h e  c a s e  o n ly  f o r  n i t r o g e n »  The 
o v e r a l l  e r r o r  in  t h e  c a l c u l a t i o n  o f  S i s  e s t i m a t e d  t o  be l e s s  t h a n  30 
p e r  cen t«
4 . 3  R e s u l t s
The v a l u e s  f o r  p r e s s u r e , ,  P,  and pumping s p e e d ,  S,  in  t h i s  
p a r a g r a p h  always mean t h e  v a l u e s  i n s i d e  t h e  pump. P r e s s u r e s  a r e  t h e  
a c t u a l  p r e s s u r e s  f o r  t h e  d i f f e r e n t  g a s e s  ( n o t  n i t r o g e n  e q u i v a l e n t ) .
f « 4 o 2,  1 v e r s u s  P c u r v e s  f o r  t h e  d i o d e  pump a r e  g i v e n  
f o r  t h e  g a s e s  h y d r o g e n ,  h e l i u m ,  and n i t r o g e n .  The s l o p e  i s  p r a c t i c a l l y  
t h e  same f o r  t h e  d i f f e r e n t  g a s e s  a t  t h e  same pump c u r r e n t »  Above ~  10  ^
T o r r  f o r  n i t r o g e n ,  I  «  p.  Between 10~9 and 10 ~8 T o r r ,  t h e r e  i s  a 
t r a n s i t i o n  r e g io n »  No b i s t a b l e  o p e r a t i o n  was f o u n d ,  i . e » ,  t h e  pump 
c u r r e n t  a t  a g iv e n  p r e s s u r e  was a lways t h e  same w h e t h e r  one was i n c r e a s ­
ing  or  d e c r e a s i n g  t h e  p r e s s u r e .  Below t h e  t r a n s i t i o n  r e g i o n ,  I  a  p ^ ° ^ o
Pumping sp e e d s  a r e  g e n e r a l l y  g i v e n  as s p e e d s  a t  t h e  pump 
f l a n g e .  I n  t h i s  s e c t i o n ,  however ,  P and S a r e  c o r r e l a t e d  t o  I .  T h is  
s h o u l d  be done a t  t h e  same p o i n t ,  i . e . ,  i n s i d e  t h e  pump.
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F i g . 4 . 2 .  I  v s . P i n  t h e  Diode  Pump f o r  t h e  Gases  Hydrogen,,  H e l iu m s and 
N i t r o g e n .  .
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The pump was found to  go o u t  r e g u l a r l y  when t h e  pump c u r r e n t  d ropped
below 2x10 A0 T h i s  c u r r e n t  c o r r e s p o n d s  t o  a n i t r o g e n  p r e s s u r e  o f  
-12~  1 x 1 0  T o r r , To r e a c h  t h i s  c o n d i t i o n ,  t h e  v a l v e  t o  t h e  d i f f u s i o n
pump had t o  be opened and t h e  gauges s h u t  o f f .
Fo r  s h o r t  pumping t i m e s ,  t h e  number o f  m o l e c u l e s  or  atoms
pumped p e r  e l e c t r i c  c h a r g e  was found  t o  be i n d e p e n d e n t  o f  p r e s s u r e
w i t h i n  t h e  a c c u r a c y  o f  our  m e a s u r e m e n t s .  The v a l u e s  f o r  h y d ro g e n ,
h e l i u m ,  and n i t r o g e n  a r e ,  r e s p e c t i v e l y ,  0 , 5 ,  0 . 6 ,  and 0 , 2 ,  Over a
p e r i o d  o f  one day ,  t h e s e  v a l u e s  d e c r e a s e d  s i g n i f i c a n t l y  a t  p r e s s u r e s  
~8above 10 T o r r  f o r  a l l  g a s e s  i n v e s t i g a t e d ,  t h e  d e c r e a s e  b e i n g  e s p e c i a l l y  
h ig h  f o r  h e l i u m .  One e x c e p t i o n  i s  t h e  c a s e  o f  hydrogen  in  t h e  t r i o d e  
pump above 10 7 T o r r ,  H e re ,  t h e  pumping s p e e d  i n c r e a s e d  w i t h  t i m e .  The
same e f f e c t  has  been  o v s e r v e d  in  t h e  d i o d e  pump a t  p r e s s u r e s  o f  ~ 1 0
11T o r r  a f t e r  pumping f o r  two d a y s .  I t  i s  b e l i e v e d  t h a t  t h i s  r e s u l t s  
f rom a c r a c k i n g  o f  t h e  t i t a n i u m  c a t h o d e  a f t e r  p r o l o n g e d  hydrogen  pumping 
which  i n c r e a s e s  t h e  p e r m e a b i l i t y  o f  t h e  m e t a l  f o r  t h e  g a s .
F i g u r e  4 , 3  shows pumping s p e e d ,  S,  and d i s c h a r g e  i n t e n s i t y ,  
p l o t t e d  v e r s u s  p r e s s u r e  i n  t h e  d i o d e  pump f o r  d i f f e r e n t  g a s e s  and 
pumping t im e s  T = 0 and T = 1 day .  The dependence  o f  I / P  on p r e s s u r e  
f o r  n i t r o g e n  i s  p r a c t i c a l l y  t h e  same as  r e p o r t e d  by R u t h e r f o r d 1 f o r  t h e  
same m a g n e t i c  f i e l d  and g e o m e t ry .  Our a b s o l u t e  v a l u e s  o f  I / P  a r e  l a r g e r  
by a f a c t o r  o f  2 ,7  due t o  t h e  l a r g e r  v o l t a g e  ( 7 . 2  kV i n s t e a d  o f  3 k V ) „ 
F i g u r e  4 , 4  shows t h e  pumping s p e e d s  f o r  t h e  t r i o d e  f o r  s i m i l a r  c o n d i t i o n s .
11S.  L. R u t h e r f o r d  and R, L. J e p s e n ,  Rev,  S c i ,  I n s t r ,  32,  1144
( 1 9 6 1 ) o
F i g .  4o3 .  Pumping Speed S and D i s c h a r g e  I n t e n s i t y  I / P  v s .  P r e s s u r e  in  
t h e  Diode Pump f o r  a)  Hydrogen ,  b)  H e l ium ,  and c )  N i t r o g e n 0
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F i g ,  4o4 .  Pumping Speed S v s .  P r e s s u r e  in  t h e  T r i o d e  Pump f o r  a )  H y d ro g e n s 
b)  He l ium,  and c )  N i t r o g e n .
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4 . 4  D i s c u s s i o n
I n  g e t t e r - i o n  pumps, t h e  d i s c h a r g e  i n t e n s i t y ,  I / P ,  i s  p r o p o r ­
t i o n a l  t o  pumping s p e e d ,  S,  f o r  d i f f e r e n t  g a s e s  and p r e s s u r e s  be low 
-  610 T o r r  f o r  s h o r t  pumping t i m e s .  I n  o t h e r  w o rd s ,  t h e  number o f  m o le ­
c u l e s  o r  a toms pumped p e r  e l e c t r i c  c h a r g e  i s  p r e s s u r e  i n d e p e n d e n t .
S a t u r a t i o n  o c c u r s  a f t e r  pumping t im es  o f  t h e  o r d e r  o f  a day 
a t  p r e s s u r e s  above 10 T o r r ,  T h i s  s a t u r a t i o n  i s  s e r i o u s  o n ly  i n  t h e  
c a s e  o f  n o b l e  g a s e s .  A l l  o t h e r  g a s e s  a r e  pumped f o r  a v e r y  long  t ime  
w i t h  a pumping sp eed  which  i s  a l a r g e  f r a c t i o n  o f  t h e  i n i t i a l  s p e e d .  In  
t h e  c a s e  o f  hydro gen  i n  t h e  t r i o d e ,  t h e  pumping sp eed  i n c r e a s e d  w i t h  
t ime  f o r  many days a t  p r e s s u r e s  above 10 "7 T o r r ,
No s i g n i f i c a n t  d i f f e r e n c e  in  pumping sp eed  o r  s a t u r a t i o n  t ime  
was found be tween  d i o d e  and t r i o d e .
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5o BAKEOUT PROCEDURES FOR SMALL GLASS ULTRAHIGH VACUUM SYSTEMS. 
REDUCTION OF 0 2 TO CO CONVERSIONS
I n  a r e c e n t  com m unica t ion  by J .  H. S i n g l e t o n  and W. J .  Lange 1 
i t  was r e p o r t e d  t h a t  t h e  main r e s i d u a l  gas  i n  t h e i r  P y rex  g l a s s  sys tem s  
o f  a b o u t  two l i t e r s  volume was CO^o The l o w e s t  s t a b l e  p r e s s u r e  was 
~ 5 x l 0  11 T o r r  when t h e y  p r o c e s s e d  t h e i r  s y s te m s  in  t h e  f o l l o w i n g  way: 
a)  t r a p  r e f r i g e r a t e d ,  s y s t e m  baked ~ 1 0  h a t  4 2 0 ° C ; b) t r a p  i s o l a t e d  from 
s y s t e m  and pumped w h i l e  baked a t  ~ 2 5 0  C; c)  ion  gauge o u t g a s s e d  by e l e c ­
t r o n  bombardment ,  I t  was o b s e r v e d  t h a t  t h e  l o w e s t  p r e s s u r e  was abou t  
one o r d e r  o f  m ag n i tu d e  h i g h e r  when b e tw een  s t a g e s  b)  and c )  t h e  sy s t e m  
was baked once more,, D i f f u s i o n  pumps g i v i n g  an e f f e c t i v e  pumping speed 
o f  ~ 0  o 5 i  / s e c  a t  t h e  s y s te m s  were u sed  w i t h  v a r i o u s  pumping f l u i d s »
The p e r f o r m a n c e  o f  some v e ry  s i m i l a r  s y s te m s  ( s e e  Fig» 5„1)  has  
been  examined in  t h e  l a b o r a t o r y  d u r i n g  t h e  p a s t  two y e a r s .  They were 
made from P y re x  g l a s s  (C o rn in g  7740) and had a volume o f  one t o  t h r e e  
l i t e r s »  U s u a l l y  a m a g n e t i c  d e f l e c t i o n  t y p e  mass s p e c t r o m e t e r  was
i n c l u d e d  f o r  p a r t i a l  p r e s s u r e  m e a su re m e n ts .  B a y a r d - A l p e r t  gauges and
3Schuemann p h o t o c u r r e n t  s u p p r e s s o r  gauges were used  f o r  t o t a l  p r e s s u r e  
m e a su re m e n ts .  An o p t i c a l l y  den se  z e o l i t e  t r a p  f i l l e d  w i t h  a p p r o x i m a t e l y
1J .  H. S i n g l e t o n  and W. J .  Lange ,  J .  Vac» S c i .  T e c h n o l .  2,
93 (1965)»
^W. D. Dav is  and T. A. V a n d e r s l i c e ,  T r a n s .  AVS Vac» Symp. 7,
417 (1 9 6 0 ) .
3W. C. Schuemann,  Rev.  S c i .  I n s t r .  34,  700 (1963)„
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B. A. gauge
Diffusion
pump
F i g .  5 . 1 .  A S c h e m a t ic  View o f  t h e  Vacuum System.
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10 g o f  M o l e c u l a r  S i e v e  (L inde  13 X) c o u l d  be r e f r i g e r a t e d  a t  l i q u i d
n i t r o g e n  t e m p e r a t u r e .  A o n e - i n c h  v a l v e  s e r v e d  t o  i s o l a t e  t h e  t r a p  f rom
t h e  s y s t e m .  T w o -s tag e  f r a c t i o n a t i n g  o i l  d i f f u s i o n  pumps (CVC GF-20)
were  use d  w i t h  Monsanto OS-124 o i l ;  t h e  pump was a i r  c o o l e d ,  and t h e
pumping sp eed  f o r  N2 a t  t h e  s y s t e m  was ~ 0 . 5  X / s e c .
With t h e  f o l l o w i n g  p r o c e d u r e s ,  p r e s s u r e s  below 1x10 ^  T o r r
were  r e g u l a r l y  o b t a i n e d  two t o  t h r e e  days a f t e r  e x p o s i n g  t h e  s y s t e m  to
a t m o s p h e r i c  p r e s s u r e .  a)  The s y s t e m  was pumped w i t h  a forepump to  
-3~ 10  T o r r  ( t h e  v a l v e  be tw een  s y s t e m  and d i f f u s i o n  pump was k e p t  c l o s e d  
w i t h  t h e  d i f f u s i o n  pump a lways  r u n n i n g ) .  Then t h e  v a l v e  was opened and 
t h e  s y s t e m  pumped f o r  s e v e r a l  h o u r s  w i t h  t h e  d i f f u s i o n  pump, b)  The 
t r a p  was v a l v e d  o f f  f rom t h e  s y s t e m  and baked  a t  ~350°C f o r  f o u r  h o u r s ;  
t h e  g l a s s  t u b i n g  b e tw een  v a l v e  and t r a p  and t h e  v a l v e  were  k e p t  a t  ~150°C 
t o  p r e v e n t  o i l  c o n d e n s a t i o n .  c )  The v a l v e  was opened a f t e r  t h e  t r a p  
had been  r e f r i g e r a t e d  t o  l i q u i d  n i t r o g e n  t e m p e r a t u r e .  Then t h e  s y s t e m  
was baked a t  350 C f o r  ~ 10  h o u r s ,  d)  S t a g e  b)  was r e p e a t e d ,  e )  The ion  
gauges were  o u t g a s s e d  a t  80 W f o r  s i x  h o u r s .  f )  S t a g e  b) was r e p e a t e d .
I f  n e c e s s a r y ,  t h e  c y c l e  c )  t o  f )  was r e p e a t e d .
One o f  t h e  sy s te m s  was used  f o r  a d e t a i l e d  i n v e s t i g a t i o n  o f  
p a r t i a l  p r e s s u r e s  d u r i n g  s y s t e m  p r o c e s s i n g .  I t  was r e p e a t e d l y  c y c l e d  
from a t m o s p h e r i c  t o  v e r y  low p r e s s u r e .  I t  c o n s i s t e d  o f  a B a y a r d - A l p e r t
gauge WL-5966, a Schuemann p h o t o c u r r e n t  s u p p r e s s o r  gauge o f  more r e c e n t
4 , od e s i g n  w i t h  a low t e m p e r a t u r e  f i l a m e n t ,  and a mass s p e c t r o m e t e r .
4W. C. Schuemann, CSL R e p o r t  R-249 (March 1965) .
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The main r e s i d u a l  gas  d u r i n g  b a k e o u t  o f  t h e  s y s t e m  and o u t -  
g a s s i n g  o f  t h e  gauges was CO; C02 was a lways l e s s  t h a n  CO. H2 was a l s o  
p r e s e n t  and became t h e  m ajo r  r e s i d u a l  gas  when t h e  s y s t e m  was c l o s e  t o  
room t e m p e r a tu r e «
To o b t a i n  low p r e s s u r e s ,  t h e  gauges and mass s p e c t r o m e t e r  had
t o  be o u t g a s s e d  a t  50 W ( B a y a r d - A l p e r t ) ,  120 W (Schuemann)  w i t h  a l l  m e t a l
p a r t s  e x c e p t  t h e  f i l a m e n t s  c o n n e c t e d  t o  t h e  g r i d ,  10 W ( i o n  s o u r c e  o f
mass s p e c t r o m e t e r ) o  P r e s s u r e s  o f  l e s s  t h a n  1x10 11  T o r r  were  o b t a i n e d
two days a f t e r  s t a r t i n g  t h e  p r o c e s s i n g «  A f t e r  t h r e e  d a y s ,  t h e  sy s t e m
-12r e a c h e d  i t s  f i n a l  p r e s s u r e  i n  the  low 10 T o r r  r a n g e  as measu red w i t h  
t h e  Schuemann gauge« These  p r e s s u r e s  a r e  i n  n i t r o g e n  e q u i v a l e n t «  A 
f u r t h e r  d e c r e a s e  c o u l d  be o b s e r v e d  when t h e  gauges were  s h u t  o f f «  T a b le  I  
g i v e s  t h e  dominant  p a r t i a l  p r e s s u r e s  o b s e r v e d  un d e r  d i f f e r e n t  c o n d i t i o n s «  
These p r e s s u r e s  a r e  a c t u a l  p r e s s u r e s  t a k i n g  i n t o  a c c o u n t  t h e  s e n s i t i v i t y  
o f  t h e  mass s p e c t r o m e t e r  f o r  t h e  d i f f e r e n t  gases«  C a l i b r a t i o n s  were 
made w i t h  t h e  B a y a r d - A l p e r t  gauge in  t h e  10 '”9 T o r r  r e g i o n «5 From a p a p e r  
by Dav is  i t  i s  known t h a t  t h i s  mass s p e c t r o m e t e r  i s  l i n e a r  down t o  t h e  
lo w es t  p r e s s u r e s «  He l ium d i f f u s i n g  th ro u g h  t h e  g l a s s  w a l l s  i s  t h e  major  
component« H2 i s  i m p o r t a n t ,  t o o ,  and v e r y  p r o b a b l y  a r i s e s  f rom t h e  mass
s p e c t r o m e t e r  s o u r c e  r e g i o n  as  can be s e e n  from an H2 i n c r e a s e  i f  t h e
. . . . 6 e m i s s i o n  c u r r e n t  i s  i n c r e a s e d «  Davis  r e p o r t s  a p a r t i a l  p r e s s u r e  o f  H2
5P. A. Redhead ,  E.  V. K o r n e l s e n ,  and J .  P.  Hobson,  Adv. E l e c ­
t r o n .  E l e c t r o n  Phys „ 17., 323 (1962)  „
£
W. D. D a v i s ,  T r a n s .  AVS Vac.  Symp. £ ,  363 ( 1 9 6 2 ) .
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o f  1 t o  Io5xl0 T o r r  due t o  o u t g a s s i n g  o f  t h e  mass s p e c t r o m e t e r  s o u r c e .  
Our v a l u e s  a r e  s l i g h t l y  h i g h e r  b e c a u s e  t h e  s o u r c e  was o p e r a t e d  a t  a 
h i g h e r  e m i s s i o n  c u r r e n t  ( . 5  mA compared t o  .2 mA) 0
TABLE I . P a r t i a l  P r e s s u r e s  o f  Dominant  G ases .
C o n d i t i o n h He CO
Both gauges on 5 » OX 10*12 “128.0X10 “136.0X10
B a y a r d - A l p e r t  gauge o f f -124.0x10 “126.2x10 -136.0X10
Both gauges o f f 4 .OX 10 12 -125.3X10 “136.0X10
The v a l v e  be tween s y s t e m  and pump was c l o s e d  f o r e i g h t  days
in  an a t t e m p t  t o  s e e  how much gas was c o l l e c t e d  i n  the  s y s t e m .  A l l  
f i l a m e n t s  were  o f f .
T a b l e  I I  g i v e s  t h e  p a r t i a l  p r e s s u r e s  a f t e r  e i g h t  d ay s -  a) f i v e
m in u te s  a f t e r  t u r n i n g  on t h e  mass s p e c t r o m e t e r  w i t h  t h e  v a l v e  c l o s e d ;
b)  f i v e  m in u te s  and c )  f i v e  h o u r s  a f t e r  o p e r a t i n g  t h e  v a l v e .  The He
-12i n f l u x ,  Q, was c a l c u l a t e d  t o  2.6x10 T o r r  ¿ / s e c ;  f rom t h e  r e l a t i o n  
S = Q/P a t  e q u i l i b r i u m ,  t h e  pumping speed  S a t  P = 5X10"12 T o r r  was found 
t o  be S = 0.65 ¿ / s e c .  The e v o l u t i o n  was much s m a l l e r  when th e  mass 
s p e c t r o m e t e r  was o f f .  T h i s  s u p p o r t s  a g a i n  t h e  a s s u m p t i o n  t h a t  t h e  h e a t i n g  
o f  t h e  mass s p e c t r o m e t e r  s o u r c e  by t h e  h o t  f i l a m e n t  i s  r e s p o n s i b l e  t o  a 
l a r g e  e x t e n t  f o r  t h e  o b s e r v e d  H^ e v o l u t i o n .  As one can  s e e  f rom a com­
p a r i s o n  o f  T a b le  I I  w i t h  T a b le  I ,  t h e  sy s t e m  r e a c h e d  i t s  b a s e  p r e s s u r e  
a g a i n  o n ly  a few h o u r s  a f t e r  o p e n in g  t h e  v a l v e .
131
TABLE I I .  P a r t i a l  P r e s s u r e s  i n  T o r r  a f t e r  C l o s i n g  t h e  Valve  
be tw een  Sys tem  and Pump f o r  E i g h t  D a y s „
C o n d i t i o n
h He CO
(a ) Valve  c l o s e d ,  mass s p e c t r o m e t e r  on f o r  5 m in u te s 2 » 6x l 0 ~ 10 6 » 6x 1 0 ~ 7 8,0X10
(b) Valve  opened f o r  5 m i n u t e s - 1 26 » 0X10 - 1 25 , 4 x 10 8 , 0x 10
( c ) Va lve  opened f o r  5 h o u r s - 1 23,4X10 - 1 25,0X10 6 , 0X10
I n  a n o t h e r  e x p e r i m e n t , t h e i n f l u e n c e  o f p r o c e s s i n g upon CO
p r o d u c t i o n  un d e r  0 £ a d m i s s i o n  wa,s i n v e s t i g a t e d  » Some o f  t h e e a r l i e r
e x p e r i m e n t s  by Schuemann, S e g o v i a ,  and A l p e r t ^  w ere  r e p e a t e d »  The main 
d i f f e r e n c e  was t h e  v e r y  s m a l l  CO p r o d u c t i o n  r a t e  o b s e r v e d  in  t h i s  e x p e r i ­
ment  i f  t h e  sy s t e m  was k e p t  o i l - f r e e »  I t  was found  t h a t  i t  makes a b i g  
d i f f e r e n c e  w h e th e r  t h e  v a l v e  and t h e  g l a s s  t u b i n g  b e tw een  v a l v e  and t r a p  
a r e  k e p t  a t  ~150°C o r  a t  room t e m p e r a t u r e  d u r i n g  b a k e o u t  o f  t h e  t r a p »
I n  t h e  l a t t e r  c a s e ,  t h e r e  was a p p a r e n t l y  some o i l  c o n d e n s a t i o n  i n  t h e  
v a l v e  and t h e  g l a s s  tu b in g »  O i l  c r a c k i n g  p a t t e r n s  c o u l d  be se e n  immedi­
a t e l y  a f t e r  t u r n i n g  on t h e  low t e m p e r a t u r e  f i l a m e n t  in  t h e  mass s p e c t r o ­
m e t e r  (Fig» 5 „ 2 ) .  Only 15 m i n u t e s  l a t e r ,  t h e  t y p i c a l  o i l  c r a c k i n g  
p a t t e r n  had d i s a p p e a r e d ,  and o n ly  and CO c o u l d  be found  in  l a r g e  
q u a n t i t i e s  (Fig» 5 »3 ) 0
Wo C. Schuemann, J .  de S e g o v i a ,  and D» A l p e r t ,  Trans» AVS. 
Vac.  Symp. 10, 223 ( 1 9 6 3 ) ,
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Fig„  5»2.  Mass S p e c t ru m  w i t h  C h a r a c t e r i s t i c  O i l  C r a c k i n g  P a t t e r n  Taken 
Im m e d ia t e ly  a f t e r  T u r n i n g  on t h e  Low T e m p e r a t u r e  F i l a m e n t  i n  
t h e  Mass S p e c t r o m e t e r »
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" 3 ’ Same Mass S p e c t ru m  as in  F i g .  5 . 2 ,  b u t  w i t h  t h e  F i l a m e n t  on 
f o r  20 M i n u t e s .  Note  t h a t  o n l y  h y d ro g e n  and CO a r e  l e f t  i n  
l a r g e  q u a n t i t i e s .  The o i l  c r a c k i n g  p a t t e r n  h a s  p r a c t i c a l l y  d i s a p p e a r e d .
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The s y s t e m  s t i l l  r e a c h e d  p r e s s u r e s  i n  t h e  low 1 0 ~ ^  T o r r  
range»  I n  t h i s  c a s e ,  however ,  t h e  CO p r e s s u r e  r e a c h e d  more t h a n  20 p e r ­
c e n t  o f  t h e  0 2  p r e s s u r e  u n d e r  e q u i l i b r i u m  c o n d i t i o n s »
When t h e  p r o c e s s i n g  was done as d e s c r i b e d  e a r l i e r ,  i » e . ,  i f  
v a l v e  and g l a s s  t u b i n g  be tween  v a l v e  and t r a p  w ere  k e p t  a t  ~150°C d u r i n g  
b a k e o u t  o f  t h e  t r a p ,  t h e  CO p r e s s u r e  was o n ly  a round  2 p e r  c e n t  o f  t h e  
O2 p r e s s u r e  u n d e r  i d e n t i c a l  c o n d i t i o n s »  One r e g u l a r  f i l a m e n t  i n  t h e  
B a y a r d - A l p e r t  gauge was r e p l a c e d  by an u l t r a - p u r e  t u n g s t e n  f i l a m e n t »
With  t h i s  f i l a m e n t ,  even  lower  CO p r o d u c t i o n  was o bse rved»  I n  T a b le  I I I ,  
t h e  CO p r e s s u r e  i n  p e r c e n t  o f  0 ^  p r e s s u r e  i s  g i v e n  unde r  d i f f e r e n t  c o n d i ­
t i o n s  and f o r  t im e s  T = 5 m i n u t e s  and T = 1 day a f t e r  0 ^  a d m i s s i o n .
TABLE I I I .  CO P r o d u c t i o n  ( i n  % o f  0 ^ ,
S
fia 5X10  ^ T o r r )  .
E m i s s i o n  C u r r e n t s :  Mass S p e c t r o m e t e r ,  1 mA ; B . A .  Gauge, 10 mA
C o n d i t  ions % CO (T = 5 min) 1  CO (T = 1 dav)
Only mass s p e c t r o m e t e r  on ,  
low t e m p e r a t u r e  f i l a m e n t ,  
no o i l .
. 75 .5
Only mass s p e c t r o m e t e r  on ,  
W f i l a m e n t ,  no o i l 2 . 0 .9
B»A»', gauge on ,  r e g u l a r  
f i l a m e n t ,  no o i l 2 .5 2 . 1
BoA„ gauge on ,  u l t r a - p u r e  
f i l a m e n t ,  no o i l 1 . 8 .4
BoAa g a u g e ,  r e g u l a r  f i l a ­
m ent ,  w i t h  o i l 3 . 0 2 5 . 0
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A l l  o f  ou r  o b s e r v a t i o n s  a r e  i n  ag re e m e n t  w i t h  r e s u l t s  found 
by B e c k e r ,  B e c k e r ,  and B r a n d e s 8 on " R e a c t i o n s  o f  Oxygen w i t h  P u re  T u n g s t e n  
and T u n g s t e n  C o n t a i n i n g  C a r b o n ."  Carbon  from o i l  c r a c k i n g  p r o d u c t s  
a p p a r e n t l y  d i f f u s e s  i n t o  t h e  W f i l a m e n t s .  I n  an oxygen a t m o s p h e r e ,  CO 
i s  formed on th e  h o t  t u n g s t e n  f i l a m e n t  and c a r b o n  d i f f u s e s  o u t  a g a i n .
Cone lus  ions
1) Smal l  g l a s s  u l t r a h i g h  vacuum sy s te m s  w i t h  a z e o l i t e  t r a p
be tween  d i f f u s i o n  pump and s y s t e m  a r e  c a p a b l e  o f  p r e s s u r e s  
-12in  t h e  low 10 T o r r  r a n g e  ( n i t r o g e n  e q u i v a l e n t ) .
2) A v a l v e  be tw een  t r a p  and s y s t e m  i s  n e c e s s a r y  f o r  s y s t e m  
p r o c e s s i n g .
3) With t h e  t e c h n i q u e  d e s c r i b e d  in  t h i s  s e c t i o n ,  p r e s s u r e s  
below 10 11 T o r r  may be o b t a i n e d  two days a f t e r  o p e n in g  
t h e  s y s t e m  t o  a i r .
4 )  Bakeout  t e m p e r a t u r e s  o f  350°C a r e  s u f f i c i e n t  f o r  g l a s s  
s y s t e m s .
5) CO p r o d u c t i o n  i n  t h e  p r e s e n c e  o f  oxygen and a h o t  f i l a m e n t  
can be g r e a t l y  r e d u c e d  by t h i s  t e c h n i q u e .
J .  A. B e c k e r ,  E. J .  B e c k e r ,  and R. G. B r a n d e s ,  J .  A pp i .  Phys 32,  411 ( 1 9 6 1 ) .  y
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6 . TECHNIQUES
6 . 1  Non-Magnet ic  Glass -Molybdenum F e e d t h r o u g h s
A g u a rd ed  c o a x i a l  f e e d t h r o u g h  has  been  c o n s t r u c t e d  u s i n g  t h e  
h i g h - t e m p e r a t u r e  g l a s s - t o - m e t a l  s e a l i n g  t e c h n i q u e s  d e v e l o p e d  i n  t h i s  
l a b o r a t o r y  and i s  b e i n g  t e s t e d »  The f e e d t h r o u g h  shown in  Fig» 6 . 1  i s  
made from molybdenum and C o rn in g  1720 a l u m i n o - s i l i c a t e  g l a s s ;  a l l  
m a t e r i a l s  a r e  n o n - m a g n e t i c „ A l th o u g h  t e s t i n g  has  b een  i n s u f f i c i e n t  t o  
d e t e r m i n e  r e l i a b i l i t y ,  t h i s  f e e d t h r o u g h  a p p e a r s  t o  be u s e a b l e  on 
u l t r a h i g h - v a c u u m  s y s t e m s  f o r  low c u r r e n t  measurement»
6 . 2  Working A l u m i n o - S i l i c a t e  G l a s s
The a l u m i n o - s i l i c a t e  g l a s s e s  o f f e r  two a d v a n t a g e s  ove r  Py rex  
g l a s s  (C orn ing  7740)  f o r  vacuum work» They ca n  be ba ked  a t  t e m p e r a t u r e s  
as much as 300 C h i g h e r  t h a n  P y r e x ,  and t h e y  o f f e r  a s u b s t a n t i a l l y  
lower  h e l i u m  p e rm e a t io n »  U n f o r t u n a t e l y  t h e s e  g l a s s e s  a r e  a l s o  much more 
d i f f i c u l t  t o  f a b r i c a t e .  The main p rob lem s  a r e  s t r a i n  f r a c t u r e s  a g g r a v a t e d  
by a s m a l l  w o rk in g  r a n g e ,  and a phenomenon known as " r e b o i l "  which  
c a u s e s  t h e  s u r f a c e  o f  t h e  g l a s s  t o  become r o u g h e n e d  d u r i n g  g l a s s b l o w i n g »  
Where t h i s  g l a s s  has  been  u s e d  i t  has  shown p r o m is e  o f  a l l o w i n g  much 
lower  p r e s s u r e s  t o  be  r e a c h e d .  Fo r  t h i s  r e a s o n  s k i l l s  n e c e s s a r y  to  
f a b r i c a t e  a p p a r a t u s  o f  C o r n in g  1720 g l a s s  have  b een  d e v e lo p e d  a t  t h e  
C o o r d i n a t e d  S c i e n c e  L a b o r a t o r y .
R e b o i l i n g  i s  t h e  most  t r o u b l e s o m e  o f  t h e s e  p r o b l e m s ,  b u t  i t  
can be p r e v e n t e d  by p a y i n g  c a r e f u l  a t t e n t i o n  t o  t h e  f o l l o w i n g  d e t a i l s .
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F i g ,  6 . 1 .  Non-Magnet ic  Guarded  F e e d t h r o u g h ,
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Wash and d r y  t h e  g l a s s  c a r e f u l l y  b e f o r e  w o r k in g  i t „
Use a f i n a l  r i n s e  w i t h  a c e t o n e  t o  remove a l l  f i n g e r p r i n t s  
j u s t  b e f o r e  h e a t i n g  t h e  g l a s s »
Warm t h e  g l a s s  c a r e f u l l y  w i t h  a bushy  f l a m e .
Work in  t h e  t i p  o f  t h e  f l a m e ,  f a r  o u t  f rom  t h e  b u r n e r ,  
u s i n g  a r e d u c i n g  f l a m e .
Use h y d ro g e n  f o r  f u e l  r a t h e r  t h a n  g a s .
Cut w i t h  t h e  f lame r a t h e r  t h a n  w i t h  t h e  g l a s s  k n i f e .
Keep a l l  t o o l s ,  such  as g r a p h i t e  r e a m e r ,  c l e a n  and av o id  
t o u c h i n g  them w i t h  t h e  f i n g e r s .
Many g l a s s b l o w e r s  have  u sed  a d d i t i v e s  i n  t h e  b u r n e r  f lam e  t o  r e t a r d  
r e b o i l i n g .  With an a d d i t i v e  i t  i s  p o s s i b l e  t o  u s e  gas  f o r  f u e l .  B o r i c  
a c i d  o r  e t h y l  s i l i c a t e  have  b een  u s e d .  The b e s t  r e s u l t s  in  ou r  l a b o r a -  
t o r y  were  f rom u s i n g  b o r i c  a c i d  w i t h  a hyd ro g en  f l a m e .  The h ydrogen  was 
b u b b l e d  th r o u g h  a s i m p l e  t r a p  f i l l e d  w i t h  a s o l u t i o n  o f  8 t o  10  p a r t s  
b o r i c  acid  t o  90 p a r t s  m e th y l  a l c o h o l .  The amount o f  b o r i c  a c i d  in  t h e  
f lame i s  e a s i l y  a d j u s t e d  by c h a n g in g  t h e  l i q u i d  l e v e l  i n  t h e  t r a p .
A f t e r  c o a t i n g  t h e  g l a s s  w i t h  a bushy f l a m e ,  oxygen c o u l d  t h e n  be added 
t o  g e t  a s h a r p  f l ame  and s t i l l  a v o id  t h e  r e b o i l i n g  o f  t h e  g l a s s .
The amount o f  b o ro n  in  t h e  f lam e  i s  c o n t r o l l e d  by t h e  d e p th  
o f  t h e  l i q u i d  in  t h e  chamber  o f  t h e  t r a p .  I f  mounted in v e r t i c a l  
p o s i t i o n  and t h e  R ^  p r e s s u r e  i s  z e r o ,  t h e  v a l v e  can  be opened t o  a l l o w  
t h e  l i q u i d  l e v e l  t o  r i s e  i n  t h e  t r a p .  I f  t h e r e  i s  t o o  much b o ro n  in  
t h e  f l a m e ,  u se  t h e  p r e s s u r e  t o  f o r c e  t h e  l i q u i d  l e v e l  down by o pen ing  
t h e  v a l v e  s l i g h t l y .  T h i s  s y s t e m  i s  shown i n  F i g .  6 . 2 .
( 1 )
( 2 )
(3)
(4)
(5 )
( 6 ) 
(7)
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* Fig.
Hydrogen
in
6 . 2 .  System f o r  Working A l u m i n o - S i l i c a t e  G l a s s .
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O th e r  s u g g e s t i o n s  f o r  f l am e  w o rk in g  t h i s  g l a s s  a r e  as  f o l l o w s .
(1 )  Keep t h e  g l a s s  a d j a c e n t  t o  t h e  s e a l  h o t  d u r i n g  t h e  
g l a s s b l o w i n g  o p e r a t i o n «
(2)  A p p a r a t u s  r e q u i r i n g  s e v e r a l  c o m p l i c a t e d  s e a l s  may 
r e q u i r e  d o i n g  p a r t  o f  t h e  j o b ,  t h e n  oven a n n e a l i n g  a t  
715°C, d o i n g  a n o t h e r  s t e p ,  a n n e a l i n g ,  e t c .
(3)  M o l y b d e n u m - t o - g l a s s  s e a l s  r e q u i r e  p r o t e c t i n g  t h e  m e t a l
as much as  p o s s i b l e ;  t h e r e f o r e ,  i t  i s  b e s t  t o  s e a l  a t h i n  
l a y e r  o f  g l a s s  o v e r  t h e  molybdenum a d j a c e n t  t o  t h e  g l a s s - 
t o - m e t a l  s e a l .  T h i s  keep s  t h e  molybdenum o u t  o f  t h e  
f 1ame„
4  d i f f u s i o n  pump has  been  c o n s t r u c t e d  u s i n g  t h e s e  t e c h n i q u e s ,  
b u t  i t  has  n o t  y e t  b e e n  t e s t e d  f o r  improved p e r f o r m a n c e ,
6 q3 " F i b e r f r a x "  T ra p s  f o r  D i f f u s i o n  Pump Vapors
A c e ra m ic  p a p e r  m a n u f a c t u r e d  by t h e  Carborundum C o r p o r a t i o n  
un d e r  t h e  t r a d e  name o f  F i b e r f r a x  Ceramic  F i b e r  P ap e r  has  b een  used 
s u c c e s s f u l l y  in  t h e  c o n s t r u c t i o n  o f  r e f r i g e r a t e d  and n o n r e f r i g e r a t e d  
t r a p s  and b a f f l e s  f o r  h ig h  and u l t r a h i g h  vacuum s y s t e m s .
The p a p e r  i s  m a n u f a c t u r e d  in  g r a d e s  970-A,  -F ,  and - j  and 
970-AH, -FH, and - JH. I t  c o n s i s t s  o f  a p p r o x i m a t e l y  5 1 ,2  p e r  c e n t  A l^ O ^ , 
4 7 , 1  p e r  c e n t  SiO^j  and s m a l l  amounts  o f  o t h e r  m a t e r i a l s .  The g r a d e s  
970-A,  -F ,  and ~J c o n t a i n  up t o  5 p e r  c e n t  o r g a n i c  b i n d e r .  The p ap e r  
has  a f e l t - l i k e  t e x t u r e  and a l a r g e  t r a p p i n g  a r e a - t o - v o l u m e  r a t i o .  The 
A I 2O3 and SiC^ a r e  s ^a^^-e an<  ^ can f i r e d  t o  h i g h  t e m p e r a t u r e s  w i t h o u t
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d e c o m p o s i t i o n .  C o m p l i c a t e d  b a f f l e s  and t r a p  s t r u c t u r e s  can  be f a b r i c a t e d  
u s i n g  t h e  p a p e r  i n  a s i m p l e  manne r .  Also,,  t h e  w a l l s  o f  pumping t u b u l a -  
t i o n  can be c o n v e r t e d  t o  e f f e c t i v e  t r a p p i n g  s u r f a c e s  by l i n i n g  them w i t h  
t h e  p a p e r .  Three  b a f f l e s  which  can  be c o n s t r u c t e d  u s i n g  t h i s  p a p e r  a r e  
i l l u s t r a t e d  in  F i g u r e s  6 ,3  and 6 , 4 ,  The method o f  c o n s t r u c t i o n  i s
o b v io u s  from th e  f i g u r e s .  The c e ra m ic  p a p e r  i s  p r e p a r e d  f o r  t h e  b a f f l e s  
by f i r i n g  in  a i r  a t  1 , 0 0 0 - 1 ,200°C f o r  f rom 5 t o  25 m i n u t e s .
The p e r f o r m a n c e  o f  two vacuum sy s te m s  u s i n g  t h i s  m a t e r i a l  in  
t h e  t r a p s  has  been  found t o  be q u i t e  good.  One s y s t e m ,  u s i n g  a t r a p  
s i m i l a r  t o  t h a t  i l l u s t r a t e d  i n  F i g ,  6 , 3  and pumped by a g l a s s  t w o - s t a g e  
o i l  d i f f u s i o n  pump, has  p ro d u c e d  p r e s s u r e s  o f  a p p r o x i m a t e l y  3 t o  5X10 12 
T o r r  w i t h  t h e  t r a p  c o o l e d  to  l i q u i d  n i t r o g e n  t e m p e r a t u r e s .  T h i s  same 
s y s t e m  p roduced  p r e s s u r e s  o f  a p p r o x i m a t e l y  1 t o  2X10" 11 T o r r  w i t h  t h e  
t r a p  a t  room t e m p e r a t u r e .  D u r in g  t h e  t im e  of  o p e r a t i o n  o f  t h i s  sy s t e m ,  
no i n c r e a s e  i n  p r e s s u r e  was n o t e d  due t o  a s a t u r a t i o n  o f  t h e  t r a p p i n g  
e l e m e n t ,
6 ,4  UHV R o t a r y  M otion Fe e d t h r o u g h
I n  o r d e r  t o  r o t a t e  t h e  F a r a d a y  cage  and t u n g s t e n  t a r g e t  f o r  
t h e  a n g u l a r  d i s t r i b u t i o n  measu rement  d i s c u s s e d  in  S e c t i o n  2 , 3 ,  an u l t r a -  
h ig h  vacuum r o t a r y  m o t io n  f e e d t h r o u g h ,  o r  vacuum c r a n k ,  has  been 
d e s i g n e d .  Two su ch  c r a n k s  have been  c o n s t r u c t e d  in  t h e  C o o r d i n a t e d  
S c i e n c e  L a b o r a t o r y  shop .  A s c h e m a t i c  o f  t h e  c r a n k  i s  shown i n  F i g ,  6 . 5 .
The d o t t e d  l i n e  p i c t u r e  shows t h e  p o s i t i o n  o f  t h e  d r i v e  s h a f t  
and b u s h i n g  assem bly  when t h e  c r a n k  has  be en  t u r n e d  th r o u g h  180° r e l a t i v e
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F i g ,  6 . 3 .  G l a s s  R e - e n t r a n t  T r a p .
To
system
143
pum p
Liquid  nitrogen  
reservo ir
C e ram ic  paper
Fig„  6o4. L i q u i d  N i t r o g e n - C o o l e d  Ceramic  Trap«
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F i g , 6 . 5 S c h e m a t ic  o f  R o t a r y  Motion  F e e d t h r o u g h  I l l u s t r a t i n g  P r i n c i p l e  
o f  O p e r a t i o n .
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t o  t h e  s o l i d  l i n e  p i c t u r e »  The p o i n t  A i s  f i x e d  on t h e  d r i v e  s h a f t  and 
does  n o t  r o t a t e  r e l a t i v e  t o  t h e  vacuum s y s t e m .  The d r i v e  s h a f t  i s  f r e e  
t o  t u r n  in  t h e  b u s h i n g  a s sem b ly  and d r i v e s  t h e  r o t a r y  o u t p u t  v i a  a s l o t  
in  t h e  d i s k .
For  b a k e o u t  t h e  e n t i r e  d r i v i n g  mechanism i s  s l i p p e d  o f f  by 
re m ov ing  t h e  b o l t s  t h a t  h o l d  t h e  s u p p o r t  p o s t s  t o  t h e  b e l l o w s  f l a n g e  
and by removing  t h e  n u t  on t h e  d r i v e  s h a f t .  A clamp has  been d e s i g n e d  
t o  keep  th e  b e l lo w s  from c o l l a p s i n g  due t o  a t m o s p h e r i c  p r e s s u r e .  The 
c r a n k  s h o u l d  a l l o w  a c c u r a t e  p o s i t i o n i n g  o f  c o u n t e r  and t a r g e t ,  e a sy  
a n g u l a r  c a l i b r a t i o n ,  smooth r o t a r y  m o t i o n ,  and long  b e l l o w s  l i f e .
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